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Abstract 
Synthetic models represent powerful tools to study how important reactions 
such as the oxidations of substrates are catalyzed in Nature by metalloproteins. An 
important aspect in this chemistry is the redox behaviour of the metal and of the 
metal bound substrate(s). So far, most efforts have been focused on mimicking 
enzyme active sites in terms of the metal first coordination sphere. The second 
coordination sphere and hydrogen bonding however play a crucial role and facilitate 
these key reactions; but to what extent and how is not known. 
In this thesis we incorporate hydrogen bonding features NH 2 (Am), 
NIHCH2tBu (Np), and NHCOtBu (Piv) in the pyridine 
61h  position of the tripodal 
ligand TPA (tris(2-pyridylmethyl)amine, L). Thus, ten ligands L (X = Am, Np, 
Piv; n = 0, 1, 2, 3) derived from and including TPA have been made. Also, ligands 
with one and two amino groups in a similar position of the ligand N,N-bis(2-
pyridylmethyl)-N-(glycine)amine (BPG), (APPG and BAPG, one and two amino 
groups, respectively) have been made. The structures of several [LMC1]° 
or +1 
complexes (M = Zn(II), Cu(F), Cu(II)) were determined by X-ray crystallography 
([(LAm-3)ZnCl]Bph4
, [(L' 3)CuCl], and [(BAPG)CuCl]Cl). All these complexes 
exhibit intramolecular N-H... Cl hydrogen bonding. 
For the Zn(II)Cl complexes of the L' ° ligands, the main structural changes 
caused by hydrogen bonds are the lengthening of the Zn-Cl and the Zn-Np bonds 
and shortening of the Zn-N Ax bond. In general, these changes are more significant 
when the number of hydrogen bonds increases, and vary according to their strength. 
In related Cu(I) and Cu(II) complexes, an important factor affecting the strength of 
11 
the N-H... Cl hydrogen bonds is the oxidation state of the metal centre. Thus, the N-
H... Cl interaction is stronger in the Cu(I) oxidation state. 
The [(L)CuCl] complexes were used to investigate the effect of the N-
H... Cl hydrogen bonding on the redox properties of the metal centre. Cyclic 
voltammetry studies showed that the reduced state of the metal centre is stabilised 
when stronger and more numerous hydrogen bonds are introduced. The half wave 
potential of the Cu(II)/Cu(I) redox couple shifted to more positive values by 58 mV 
in [(LAml)CuCl]+  to 541 mV in [(L' 3)CuCl] relative to the TPA complex. We 
estimated by means of infra-red spectroscopy that in these complexes, hydrogen 
bonds can contribute as much as 30% to the stabilisation of the Cu(I) over the Cu(ll) 
oxidation state. Also, despite the overall magnitude of this effect being greater in 
multiply hydrogen bonded systems, the individual contribution of each hydrogen 
bond towards stabilising the Cu(I) state is greater the fewer interactions. 
The effect of hydrogen bonding on the redox properties of zinc-bound DTBC 
(3,5-di-tert-butylcatechol) in [LXZnDTBC]  complexes was also investigated. The 
X-ray structure of [LmZnDTBC]  was determined and showed internal N-H ... 0 
hydrogen bonding. Cyclic voltammetry and spectroelectrochemical studies showed 
that the reduction of DTBC complexes occurs at more positive potentials in the 
presence of hydrogen bonds. For [LPIV3ZnDTBC],  the reduction of DTBC was 
facilitated by as much as 470 mV relative to the TPA complex, and is accompanied 
in this case by a binding enhancement of 3.9 x 106  fold. These changes are compared 
with those obtained by changing the metal or its coordination sphere and with 
hydrogen bonds alone. 
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The results presented in this work provide important insights into the possible 
role(s) of the active site microenvironment in regulating the activity of redox active 
metalloproteins and may contribute to the development of better synthetic models 
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This work is concerned with creating and studying synthetic model complexes to 
get insights into the role of the metal centre second coordination sphere and 
hydrogen bonding interactions on the redox properties of metalloenzymes involved 
in dioxygen activation chemistry. The second coordination sphere of the metal and 
hydrogen bonding interactions can exert an effect on both the metal centre and metal-
bound substrates. Both aspects are investigated separately. For this we use the 
tripodal ligand tris(2-pyridylmethyl)amine (TPA). In this chapter a brief introduction 
about hydrogen bonding will be provided along with an overview of its main 
characteristics and relevant applications. Then the metal binding properties and uses 
of the ligand framework TPA will be presented followed by its use in mechanistic 
studies concerned with dioxygen activation. The aims of this thesis are also described 
in this Chapter. Chapters 2-4 contain my PhD work. 
1.2. Hydrogen bonding 
1.2.1. General features 
The unusual behaviour of hydrogen bonded systems were observed long 
before the "hydrogen bond" obtained its name. Most of such observations date from 
the end of the 19th  and the begiiming of the 20th1 century. It was recognized that 
specific properties arise as a consequence of electrostatic interactions of a hydrogen 
2 
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atom H, which is covalently bound to an electronegative atom D (denoted as proton 
donor), and another electronegative atom A (proton acceptor). Initially it was 
proposed that in these cases a "weak bond" had been formed. However, it was Linus 
Pauling who first used the term hydrogen bond:' 
"Under certain conditions an atom of hydrogen is attracted by rather strong forces 
to two atoms, instead of only one, so that it may be considered as acting as a bond 
between them. This is called the 'hydrogen bond" 
Scheme 1.1 illustrates a hydrogen bonding interaction between the electronegative 
donor atom (D) and an electronegative acceptor (A). 
•i5 	+ö 	-o 
D—H------ 
Scheme 1.1. Representation of a hydrogen bonding interaction (Z = any atom) 
In the early investigations it was mainly strong hydrogen bonds that were 
studied, which involved the donor and acceptor being highly electronegative atoms, 
like halides, oxygen or nitrogen. A few decades later, the definition was broadened, 
allowing less electronegative atoms, like carbon, silicon, phosphorus, sulphur or even 
metals to be involved in hydrogen bonding. 27 
It should be noted that hydrogen bonds do not require the acceptor to bear a 
lone pair of electrons. Thus, regions of high electron density like aromatic rings or 
multiple bonds can act as hydrogen bond acceptors. 8 ' 3 
The strength of this type of interactions is a consequence of hydrogen having 
solely one electron, which as the result of being attracted by the donor D leaves the 
3 
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hydrogen nucleus available for the interaction with the electron cloud (lone pairs or it 
electrons) belonging to the acceptor A. The directionality of hydrogen bonds is 
governed by the electron density distribution around the hydrogen atom and the 
acceptor. Depletion of the electron density on the opposite side- of the D-H bond 
favours a linear D-H A hydrogen bonding arrangement. On the other hand, rich 
electron density around A in the direction of the lone pairs prefers a H A-Z (Z = any 
atom) angle of around 1100.  Such angular preferences have been revealed in 
hydrogen bonded systems both in the gas and solid phases.' 4" 5 Even in crystals, 
where the angles can be distorted by other weak forces, linear D-W A angles are 
statistically favoured over bent ones and the angular cut-off is usually set at >900.16 
Initially hydrogen bonds were thought to be purely electrostatic interactions 
in nature because electrostatic models often predict reasonable geometries for 
hydrogen bonded complexes. However, the nature of hydrogen bonds is now known 
to be much more complicated.' 7 Umeyama and co-workers estimated the 
contribution of various terms according to Equation 1.1:18 
AEES+PL+EX+CT+MIX 	Eq.(1.1) 
where AE is the stabilization energy gained in the dimer as compared to the 
monomer, ES is the electrostatic interaction, PL is the polarization interaction, EX is 
the exchange repulsion arising from the short distance between donor and acceptor 
atom, CT is the charge-transfer interaction and MIX a coupling term. In other words, 
hydrogen bonds are not a simple interaction but a complex conglomerate of at least 
four component interaction types: electrostatics (acid/base), polarization (hard/soft), 
van der Waals (dispersionlrepulsion), and covalency (charge transfer). However of 
2 
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these effects, electrostatic interactions are generally believed to play the largest 
role.' 9 
1.2.2. Hydrogen bond strength 
A common classification of hydrogen bonds is performed with respect to 
their energy, which distinguishes strong (15 - 40 kcal/mol), moderate (4 - 15 
kcal/mol) and weak (1 - 4 kcal/mol) hydrogen bonds. 20 
Strong hydrogen bonds are typically characterized by a small distance 
between the proton donor and the proton acceptor, which have ionic character. 
Moderate bonds are the most common kind of hydrogen bonds. In this case 
the donor and acceptor atoms are typically neutral species. Medium to strong 
hydrogen bonds have been observed in the solid state, in solution and in the gas 
phase. In solution, if the solvent is polar, additional hydrogen bonds can be formed 
between the solvent and the solute molecules. 
Weak hydrogen bonds are characteristic for complexes in the gas phase, but 
they have also been observed in crystal structures, for example in cases where the 
donor atom has only slightly higher electronegativity than the hydrogen atom (e.g. C 
or Si) and the acceptor possesses it electrons. 
It should be mentioned that solvation plays an important, and sometimes 
major, role in determining the strengths of hydrogen bonds. Solvents with a strong 
attraction for either the hydrogen bond donor or acceptor will surround these 
components, preventing or affecting the interaction between them. Because of their 
5 
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overwhelming stoichiometric excess, solvent molecules do not have to interact 
strongly to have drastic consequences in hydrogen bond formation. 21 
1.2.3. Identification of hydrogen bonds 
Various techniques can be used to identify the presence of hydrogen bonds 
and also to evaluate their strength. In the solid phase, X-ray crystallography and 
neutron diffraction are the methods of choice. Locating the position of the hydrogen 
atom in a hydrogen bond gives unambiguous information on the existence and 
strength of the interaction, but this is generally difficult by X-ray diffraction studies. 
Thus the sum of the van der Waals radii is commonly used as a convenient upper 
limit for a hydrogen bond distance. 22 It is also accepted that protons within a 3 A 
distance from a potential acceptor are involved in hydrogen bonding. 
Infra-red spectroscopy can be used to prove the presence of hydrogen bonds 
in two ways. Since the interaction with a hydrogen atom decreases the electron 
density on the acceptor, it weakens the bond between the acceptor with other 
atoms. 23 Thus, in the presence of hydrogen bonds, the vibration frequency of this 
bond decreases. The shift of the D-H stretch in a molecule toward lower frequencies 
also gives evidence of its involvement in hydrogen bonding interactions. 
NMR reveals the presence of hydrogen bonds through the strong deshielding 
of the hydrogen nucleus, which arises from the displacement of the centre of mass of 
the hydrogen atom. The signal corresponding to a hydrogen-bonded proton is shifted 
downfield relatively to a non hydrogen-bonded analogue. 24 
31 
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Although the electrostatic character of hydrogen bonds dominates, the study 
of its charge-transfer component can be followed by UV-Vis spectroscopy. 25 
Electronic transitions are affected by hydrogen bonding; for instance, hydrogen 
bonded carbonyl groups exhibit a blue shift in their n.7t*  transition and, usually, a red 
shift in the 7t—t * transition. 
Finally, computational methods can also be applied to study hydrogen 
bonds. 26 
1.2.4. Hydrogen bonding in Nature 
Hydrogen bonds are ubiquitous in Nature. A consummate example is water. 
The water molecule can be seen as a molecule bearing a partial negative charge on 
the oxygen atom, and partial positive charges on the hydrogens. When two molecules 
of water are neighbouring, their regions of opposite charge attract each other. Thus, 
each hydrogen atom is linked to oxygen atoms through both an intramolecular 
covalent and an intermolecular hydrogen bond (Figure 	1.1). The latter type of 
interaction gives water unusual properties such as an unexpectedly high heat of 
vaporization. 
7 
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H 	H 
H 10 	H. 	H 
Hill 
Figure 1.1. Tetrahedral hydrogen bonding network in water. 
Although hydrogen bonds can be broken easily they play a very important 
role in determining the three-dimensional structure of chemical and biological 
systems as a consequence of their specificity and directionality. Macromolecules like 
DNA (Figure 1.2), proteins and cellulose owe their stable conformations to hydrogen 
bonding interactions 27,28 
Chapter 1: Introduction 
DNA strand 	 Guanine 	Cytosine 
(phophodiester backbone) 
Pair of bases 
Nitrogen-containing 
	 N\/ 	NH 
DNA base 






N J )\ 
Figure 1.2. Hydrogen bonding in DNA. 
Besides structural effects, hydrogen bonds influence certain biological 
processes by assisting enzymes to bind to substrates. Enzymes also need to bind 
strongly the transition state of the reaction to achieve effective catalysis. 28 Therefore 
bonding between the enzyme and the substrate/transition state must have two 
characteristics. It must be strong enough to recognise the substrate and stabilise the 
transition state, but at the same time weak enough to allow rapid release of the 
product. Natural enzymes achieve this difficult balance by providing functional 
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intermolecular forces, hydrogen bonds are directional, so multiple hydrogen bonds 
can be aligned in such a way to complement each other. This is often the case in 
enzyme active sites and results in the weaker binding of a 'less complementary' 
substrate than of the 'more complementary' transition state. 
1.2.5 Hydrogen bonding in metal complexes 
In metal complexes, hydrogen bonds can occur at different distances from the 
metal centre. Dance proposed the existence of three different domains of 
interaction. 29  At the metal site is the 'metal domain', where the metal acts as the 





Figure 1.3. Metal centre as hydrogen bond acceptor (left) and donor (right). 
In the 'ligand domain', hydrogen bonding occurs at a metal-bound ligand, or 
at a ligand that is strongly interacting with the metal (Figure 1.4). In this domain, the 
10 
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metal centre alters the electronic properties of the hydrogen bond donor andlor 
acceptor. 
HNH,. 
Figure 1.4. Hydrogen bonding in the ligand domain. 
Thus, the hydrogen bond donating ability of the donor is increased by the 
electron withdrawing effect due to metal coordination. In contrast, the hydrogen 
bond acceptor can be rendered a better hydrogen bond acceptor by rc back-donation 
from the metal centre. In both cases, the hydrogen bonds are strengthened. 22 These 
types of interactions are of particular relevance to metalloprotein chemistry, where 
hydrogen bonding to metal-bound substrates and protein function have in some cases 
been correlated. 
Finally, hydrogen bonding can also occur further away from the metal centre 
('periphery domain', Figure 1.5). The role of the metal centre in this case is not so 
much to affect the electronic properties of the hydrogen bond donor and/or acceptor, 
but to preorganise the hydrogen bond donor and acceptors. 32 Consequently, this type 
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Figure 1.5. Hydrogen bonding in the periphery domain. 33 
As mentioned above, it has been shown that metal-bound ligands can be 
X. 	made better acceptors by metal coordination. This is true, in particular for chloride 
anions. 34  Brammer and co-workers used the Cambridge Structural Database to 
examine the strength of hydrogen bonding to chlorine on a structural basis. They 
noted that in contrast to the C-Cl moieties, metal-chloride systems are good hydrogen 
bond acceptors. For instance, 60 % of the M-Cl complexes exhibit short 1+ 
distances with a nitrogen hydrogen bond donor and 85 % with an oxygen hydrogen 
bond donor. Thus, it occurred to us that the use of chloride anions as hydrogen bond 
acceptors would be particularly suitable to study the effect of hydrogen bonds on the 
redox properties of metals. 
12 
Chapter 1: Introduction 
1.2.6. Applications 
1.2.6.1. Host-guest chemistry 
The field of molecular recognition frequently utilizes hydrogen bonding to 
create host:guest systems. These exploit both the directionality and strength of 
hydrogen bonds to achieve' strong and selective recognition. 35 An example of a 
synthetic receptor which utilizes hydrogen bonds as the basis for association is 
shown in' Figure 1.6. This macrocyclic host from Hamilton et al. employs two 











Figure 1.6. Hamilton 's host:guest system. 
This type of receptor has been used to evaluate the influence that the number 
of hydrogen bonding interactions has on the binding of the barbital guest molecule 
represented in Figure 1.7. 
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N \ ,)—NEt2 
Bz2N Bz2N 
Figure 1.7. Receptor:barbital host:guest systems with various hydrogen bonding 
number. 
In the system with six hydrogen bonding interactions (Figure 1.7, left), it was 
shown that the binding constant is 1.8 x 10 5 M'. The binding constant decreases to 
1.40 M' when only four interactions are present (Figure 1.7, middle), and could not 
be measured when only two interactions are possible (Figure 1.7, right). In this case, 
the formation of the host:guest adduct is weaker due to the fact that barbitals self-
assemble through two hydrogen bonding interactions with a binding constant of 14- 
The strength of hydrogen bonds not only depends on the number of 
interactions but also correlates with the acidity and basicity of the proton donors and 
acceptors, respectively. 38 More recently, it has been shown that the arrangement of 
donors and acceptors can also affect the overall stability of the hydrogen-bonded 
complex.39  'Secondary interactions' that occur between adjacent donors and 
acceptors on the opposite molecule can either augment or decrease the strength of the 
primary hydrogen bonds. The possible arrangements for a triply hydrogen bonded 
system are shown in Figure 1.8. 
14 
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D D D 	D A D 	D D A 
H X H X H H 	H H X HX t 
XHX 
A A A 	A D A 	A A D 
Figure 1.8. Schematic representation of a triply hydrogen bonded adduct with 
attractive interactions (black) and repulsive secondary interactions (red). 
In organic host:guest systems, changes in the electrostatic and geometric 
properties of the host molecule have allowed tuning the selectivity of the interactions 
to generate systems that can reversibly associate, when affected by an external 
stimulus. Since hydrogen bonds are predominantly electrostatic in nature, they are 
greatly affected by changes of electron density in their vicinity. Thus, this stimulus 
can be for instance a change of redox state.4a,b  For instance, the reduction of the 
phenanthrenequinone moiety in Figure 1.9 (top) increases the binding of the guest 
molecule by at least 3000 fold. Another possible stimulus is irradiation with UV light 
(Figure 1.9, bottom), which by changing the conformation of the host molecule, can 
make the hydrogen bonds between host and guest more or less f avourable.4 C For 
example, the trans isomer in Figure 1.9 (bottom) exhibits an affinity constant 3.5 
times lower for a specific dicarboxylic acid guest molecule than the cis isomer. This 
has considerable potential for the synthesis of novel molecular shuttles, switches and 
logic gates, as well as biological sensors. 
15 












NH Ø 	 OU 
N---HO Aoof'- 
Figure 1.9. Examples of substrate binding modulated by redox chemistiy 
(top) and UV irradiation (bottom). 
Similarly in metal complexes the strength of hydrogen bonds can be affected 
by the oxidation state of the metal centre (Figure 1.10). The binding of phosphates by 
the two gold nanoparticles illustrated in Figure 1.11 was dramatically increased upon 
oxidation of the ferrocenyl moiety. Astruc et al. attributed the 6000 fold 
enhancement of H2PO4 binding in the Fe(III) complex to the increased positive 
charge on the iron cation, which in turns renders the amido proton more acidic. 4 ' 
16 
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4z~ 	-e 











Weaker H-bonding 	 Stronger H-bonding 







Figure 1.11. Gold nanoparticles where binding of anions through hydrogen 
bonding can be controlled by the oxidation state of the Fe centre. 
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1.2.6.2. Catalysis 
Research fields such as catalysis are developing a growing interest in metal-
free systems for economic and environmental reasons. The use of catalysts exploiting 
hydrogen bonding is seen as an attractive alternative to metal-based catalysts for 
reactions such as Friedel-Crafis substitutions and Diels-Alder cycloadditions. 42 So 
far the catalytic acceleration achieved with these catalysts is smaller than with metal-
based catalysts but they demonstrate that hydrogen bonds alone can be used in 
catalysis. For example, some systems can achieve metal-free Diels-Alder 





Figure 1.12. Carbonyl activation by hydrogen bonds. 
Another example of metal-free catalysis mediated by hydrogen bonding is the 
Baeyer-Villiger reaction, as illustrated by Figure 1.13, where the addition of acetic 
acid to the reaction between peracetic acid and acetone leads to a hydrogen bonded 
network between these components. 















Figure 1.13. Hydrogen bond catalyzed Baeyer-Villiger reaction. 
Since in Nature the combination of metal ions and hydrogen bonding 
interactions provides highly efficient catalysts, it is interesting to synthesize 
complexes which would benefit from both metal coordination and second sphere 
hydrogen bonding interactions as a way of getting even more efficient catalysts. In 
addition, these complexes can be used to improve our understanding of catalysis by 
metalloenzymes. 
1.2.6.3. Hydrogen bonding in metalloenzymes and synthetic models for 
dioxygen activation 
X-ray diffraction studies of the active site of cytochrome c peroxidase have 
revealed that hydrogen bonds exist between an arginine residue and the iron-oxo 
centre. 44 The activity of other enzymes such as horseradish peroxidase, bleomycin 
and methane monooxygenase has also been shown to present functionally important 
hydrogen bonding features. 455° Among the enzymes involved in dioxygen activation, 
cytochrome P45 Os have been by far the most studied, and serve as a model for this 
chemistry. 
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Cytochrome P45 Os are capable of catalysing the hydroxylation of saturated 
carbon-hydrogen bonds, the epoxidation of double bonds and the oxidation of 
heteroatoms, to name only a few reactions. To catalyse these important and wide 
ranging transformations, cytochrome P450s insert one of the oxygen atoms of 
dioxygen into the substrate S, and reduce the second oxygen atom to a molecule of 
water (see Equation 1.2). In this process two electrons are provided by a reductase 
protein. 5 ' 
cytochrome P450 
S + 02 + 2H+2e 	 SO + H0 Eq.(1.2) 
Since only one of the oxygen atoms of dioxygen is transferred to the 
substrate, these enzymes are called monooxygenases. 
The first step of the catalytic cycle is dioxygen binding to the metal centre. 
Triplet dioxygen reacts with ferrous cytochrome P450 to produce a r 1 -superoxide 
anion coordinated to a ferric centre. Groups in the second coordination sphere of the 
iron(III) centre donate hydrogen bonds to the distal oxygen atom of this dioxygen 
adduct. These hydrogen bonds are provided by the solvent medium and/or by the 
amino-acid residues present within the active site, and seem to stabilize the dioxygen 
adduct formed. 
The next step involves proton and electron transfer processes. Proton coupled 
electron transfer events are involved in the structure and function of a broad range of 
natural systems, and hydrogen-bonding interactions appear to regulate the active site 
for this reactivity through the use of amino-acid chains andlor solvent water 
molecules as proton shuttles. 52 ' 53 
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Figure 1.14. Involvement of hydrogen-bonded networks in the protonation steps of 
cytochrome P450s catalytic cycle. 
In the active site of cytochrome P450s, the close interaction of a threonine 
with an aspartic residue creates a hydrogen bond network, which allows two fast 
proton transfers from the protonated forms of lysine and arginine. Breaking this 
network via the mutation of Asp or Thr changes the activity of the enzyme 
considerably, 54 '55 and sometimes even prevents any oxidation of the substrate. The 
second protonation step generates the postulated catalytically active high valent iron-
oxo species. It should be noted that due to the protonation step being fast, the 
intermediates shown in Figure 1.14 are short-lived, and the nature of the oxidising 
species in cytochrome P450 is still a matter of debate. 
For three decades, metalloporphyrin complexes have been made and used as 
cytochrome P45 Os models. Earlier work focused on elucidating the importance of the 
heme groups, and of thiolate ligation to the heme. This has allowed the isolation and 
full characterisation of some postulated intermediates. 51 More recently attempts have 
been made to investigate the effect of the active site microenvironment, specifically 
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those arising from hydrogen bonding. In that respect, recent work has shown that 
hydrogen bonding groups around a synthetic porphyrin can stabilise metal-dioxygen 
adducts (Figure 1.15, left) . 56 Moreover, hydrogen-bonding scaffolds have also been 
made to study the proton-coupled electron transfer events (Figure 1.15, right). These 
studies have shown that hydrogen bonding can participate in acid-base chemistry to 
provide kinetic control of proton transfer and bond polarisation for heterolytic 0-0 
bond cleavage. 53 
t-Ru 
Mes 
Figure 1.15. Synthetic porphyrins with hydrogen bonding cavities 
Numerous non-heme monometallic synthetic metal complexes containing 
dioxygen derivatives have been synthesized and fully characterised; some of which 
successfully mimic structural, spectroscopic andlor functional properties of the active 
site of monometallic non-heme oxygenases. In that respect, tris[(N'-tert-butylureayl)
N-ethylene]amine (H obuea, Figure 1.16) developed by Borovik et al.576' has 
provided important results. This urea-functionalised tripodal ligand binds to a metal 
ion after deprotonation of the three aNH units. Upon metal ion binding, the ligand 
provides a rigid framework, which promotes intramolecular hydrogen bonds to 
external axially-bound ligands. The position of the a' nitrogen donors is of 
importance, since it forms thermodynamically favoured six-membered rings upon 
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hydrogen bond formation. Recently, the dioxygen activation chemistry of iron and 
manganese complexes of this ligand has been investigated. It was found that the 
ct'NH and tert-butyl groups serve as functional elements for the steric and hydrogen 
bond stabilisation of metal-oxo and hydroxo units using dioxygen andlor water as 0-
source5761 (Figure 1.17). Importantly, prior to this work, the ferrate ion, Fe0 4 , was 




Figure 1.16. Urea-based tripodal ligand H6buea. 
The use of these ligands has led to isolating key intermediates in dioxygen 
activation, either from water or directly from dioxygen. 





Figure 1.17. Structure of M-O(H) complexes stabilized by hydrogen bonding 
interactions (M=Mn, Fe). 
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Another ligand which has been widely used to investigate the effect of 
hydrogen bonding interactions in metal-dioxygen activation chemistry is tris(2-
pyridylmethyl)amine-based (TPA), and ligands derived from it. The characteristics 
and applications of this ligand will be discussed later in this chapter 
1.3. The liqand tris(2-pyridy1methy0amine (TPA) 
The coordination chemistry of tripodal ligands has considerable potential in 
many fields in chemistry. For example, they are essential constituents of many 
bioinorganic model compounds and catalysts. 62 '63 Among those, tris(2-
pyridylmethyl)amine (TPA) and its derivatives are arguably one of the most 
extensively used. A search of the literature using Scifinder Scholar reveals that over 
200 publications have used the unsubstituted TPA ligand, and over 3800 have 
involved TPA derivatives and their metal complexes. 
The TPA ligand was introduced in 1967 by Anderegg and Wenk. 64 Since 
then, it has been widely used for many different purposes. A schematic 
representation of the ligand framework is shown in Figure 1.18. 
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Figure 1.18. Representation of the TPA ligand and its numbering scheme. 
1.3.1. TPA derivatives 
Many modifications have been made to alter the properties of the TPA ligand. In 
particular, the nature of groups in the pyridine 6th  position is crucial since the effect 
of several different R groups in these positions can be investigated relatively quickly. 
For instance, alkyl, aryl, halogen, hydroxy, and a range of NH hydrogen bond donor 
groups can be introduced in this position. 6575 The alkyl chains between the central 
nitrogen and the pyridyl groups can be longer, or can carry a chiral centre. 
Substitution of the pyridine 5th  positions are less common, but recently, groups 
reported metal complexes of TPA with functionalities such as nitro, ester or methyl 
groups in that position. Some of these TPA derivatives are presented in Figure 1.19. 
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X = Me, Br 
	




R = H, CH2tBu , COtBu 
02N 	 / 	
(8) N. 
(6) N. 
R = Me, NO2, CO2Me 
Figure 1.19. Representation of some TPA derivatives. References: (1) X = Me 65, X = 
Br70; (2)71,. (3)68. (4) 72 • (5)9,. (6) R = Me 73, R = N02 74, R = CO2Me75; (7)75;  (8)0 . 
These modifications allow changing features like the steric requirements, 
electronic properties, and geometry of the corresponding metal complexes. Important 
for biomimetic work is that the nitrogen atoms of the pyridine rings mimic histidine 
residues forming the primary coordination sphere of the metal in many oxygenases. 
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1.3.2. Complexes of TPA 
The N4 poly-dentate nature of the TPA ligand leads to stable metal 
complexes, while leaving empty coordination sites available for exogenous ligands. 
It allows binding to many metals, in various oxidation states. 7681 Although most 
TPA complexes involve first row transition metals, second and third row transition 
metals have also been shown to bind to TPA and to its derivatives. A search of the 
Cambridge Structural Database reveals that structurally characterized complexes of 
TPA exist for as many metal centres as V, Cr, Mn, Re, Fe, Ru, Os, Co, Rh, fr, Ni, 
Cu, Zn, Nd, Eu, Tb, Lu and U. 
Most TPA complexes exhibit a pentacoordinate arrangement, in a trigonal 
bipyramidal or square pyramidal fashion. An additional exogenous ligand, typically a 
solvent molecule or an anion (Cl, N 3 , etc ... ) lies in the remaining coordination site. 
Hexacoordinate complexes of TPA arise in general from the binding of a bidentate 
ligand, for instance a dioxolene unit, which chelates the metal centre to generate an 
octahedral complex. 8286  Alternatively, two other monodentate anions or solvent 
molecules can occupy an axial and an equatorial position. 87 ' 88 Tetracoordinate 
complexes of TPA or related ligands are also known, and they are encountered when 
exogenous ligands are absent 89 or when one of the pyridine rings is not bound to the 
metal centre. 90 Examples of different coordination modes found for TPA derivatives 
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Figure 1.20. Representation of tetracoordinate (left), 90 pentacoordinate (middle)9' 
and hexacoordinate (right)92 TPA complexes. 
Another interesting feature of TPA derivatives is that they lead not only to 
mononuclear but also polynuclear (typically dinuclear) complexes. This is important 
because in some cases the presence of two metal centres instead of one can increase 
the catalytic efficiency if the metals work cooperatively. However, it is useful to 
prevent dimerisation in order to obtain metal complexes which model the active site 
of monometallic enzymes. This is illustrated by the fact that TPAZnOH dimerises to 
form [TPAZn(-OH) 2ZnTPA] 2 , whereas the introduction of two or more 
neopentylamino groups in the pyridine 6th  position affords a mononuclear LZnOH 
metal complex. 93 '94 
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1.3.3. Biomimetic chemistry of TPA derivatives relevant to 
dioxygen activation 
Studies of TPA-based metal complexes in relation with dioxygen activation 
have made significant contributions towards understanding how metalloenzymes 
achieve this chemistry. The use of structural and functional models for mono- and 
dinuclear active sites which contain iron, copper or manganese sites as dioxygen 
activation centres has been crucial in elucidating the role of parameters such as the 
spin state of the metal centre, the nature and structure of catalytically active 
intermediates, and more recently the second coordination sphere. 9598 
The role of the spin state (e.g. low-spin or high-spin) of the metal centre was 
investigated through the use of 6-methyl-pyridine rings, which tends to favour the 
high-spin state of iron complexes. 99 This applies to the ferrous and ferric oxidation 
state. Comparison of the low-spin [Fe(III)(TPA)(O0 tBu)] 2 and the high-spin 
[Fe(III)(6-Me 3 -TPA)(O0 tBu)] 2 analogue show a stronger Fe-0 bond and a weaker 
0-0 bond in the low-spin case. Importantly, the reactivity of high- and low-spin 
Fe(III)-OOR intermediates was shown to be different, highlighting the importance of 
the ligand environment in tuning the spin state of the metal centre and thereby its 
reactivity. In that respect, the TPA catalyst prefers to oxidise electron-rich olefins, 
whereas the 6-Me 3-TPA catalyst prefers to oxidise electron deficient olefins (Figure 
1.21). These results have been interpreted in terms of the generation of an 
electrophilic oxidant for the former and a nucleophilic oxidant for the latter. It has 
also been shown that in the low spin state, Fe' 1 catalysts perform highly 
stereoselective alkane hydroxylation, olefin epoxidation and cis-dihydroxylation. In 
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contrast, high spin systems favour cis-dihydroxylation with lower selectivity. 100 The 




oxidises electron-rich olefins  
high spin 
oxidises electron-poor olefins 
Figure 1.21. Low-spin versus high spin reactivity. 
Approaches to modelling arene hydroxylases have involved the incorporation 
of the target arene in the pyridine 61h  position of TPA. 
Iron-catalysed arene hydroxylation reactions are important functional models 
of the pterin-dependant monometallic non-heme hydroxylases. These studies have 
established the nature of the metal-oxo oxidant. Thus, treatment of [Fe(6-Ph-
TPA)(NCCH3 )2 ]2 with 1.5 equiv. of tBuOOH in acetonitrile solution results in 
ortho-hydroxylation of the phenyl substituent in 87% yield (Figure 1.22).103 
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Figure 1.22. Conversion of the phenyl-TPA to the ortho-hydroxo derivative. 
TPA-based systems have been found to mimic the function of catechol 
oxidases, that is, to oxidise a catechol moiety to its quinone form or to other 
oxygenated compounds, as shown by many publications by Que and others.' °2 ' °7 
Studies of the oxidation of ferric catecholate coordination complexes of Fe(III) have 
been useful in exploring mechanistic possibilities for catechol dioxygenases. 104 A 
series of ferric complexes of 3,5-di-t-butyl-catechol (DTBC) with different ligands L 
have been found to react with dioxygen to give oxidation of the catechol ligand. 
Modifications of the electronic properties of the ligand were found to affect the 
Lewis acidity of the metal centre, and this was correlated with the reactivity of the 
LFe(III)DTBC complexes with dioxygen.' °5107  Thus the more Lewis acidic the metal 
centre is, the more efficient the catalyst was found to be (in terms of both speed and 
yield). Among the various ligands used, TPA proved to generate one of the fastest 
and most efficient catalysts for the intradiol cleavage of DTBC, which was more than 
105 fold faster than the 6-Me 3TPA analogue. 108  In fact, the TPAFe(III)DTBC 
complex cleaves the otherwise unreactive chlorocatechol. 109 
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Recently, the effect of hydrogen bonding microenvironmentS was 
investigated through modifications of the pyridine 
6th position, and provided 
important results. For example, the first structure of a mononuclear six-coordinate 
hydroxo-iron(III) complex was obtained using the ligand tris(6-neopentylamiflO-2-
pyridymethyl)amine (TNPA) (Figure 1.23). 
R 	 R 
\ / 
R=CH2C(CH3)3 
Figure 1.23. The six-coordinate iron (III)- hydroxo complex of TNPA.' °3 
Similarly, the first fully characterised (spectroscopically and structurally) 
hydroperoxo-copper(II) complex was that of [Cu(BPPA)(OOH)I1 (BPPA = bis(6-
pivalamide 2 pyridylmethyl)(2pYridylmethYDamme) (Figure 1.24). In both cases it 
was claimed that intramolecular N-IfS 0 hydrogen bonding exerts an stabilising 
effect. 
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R = coC(cH3)3 
Cu 
Figure 1.24. The hydroperoxo-copper(II) complex." ° 
1.4. Aims 
The involvement of DH groups (D = N, 0) of amino acid residues in 
hydrogen bonding interactions to metal-bound ligands is ubiquitous in redox 
metalloproteins. Many of these interactions are functionally important, but the 
mechanistic details regarding their precise roles remain unclear. 
The main objective of this thesis is to use synthetic models to investigate how 
and to what extent hydrogen bonding interactions affect the redox properties of non-
heme metalloproteins. In this context, the specific aims are the following. 
To study the effect of hydrogen bonds on the redox properties of the metal 
centre itself. 
To investigate and quantify the effect of hydrogen bonds on the redox 
properties of electroactive metal-bound substrates. 
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3. To elucidate the factors that influence the strength of hydrogen bonds in 
metal complexes with different oxidation states. 
Chapter 1: Introduction 
1.5. References 
L. Pauling, "The Nature of the Chemical Bond", Cornell University 
Press, New York, 1939. 
G. R. Desiraju and T. Steiner, 'The Weak Hydrogen Bond', Oxford 
University Press, Oxford, 1999. 
M. A. Adams, K. Folting, J. C. Huffman and K. G. Caulton, Inorg. 
Chem., 1979, 18, 3020. 
L. M. Epstein, E. S. Shubina, A. N. Krylov, A. Z. Kreindlin and M. I. 
Ribinskaya, I Organomet. Chem., 1993, 447, 277. 
S. A. Fairhurst, R. A. Henderson, D. L. Hughes, S. K. Ibrahim and C. J. 
Pickett, Chem. C'ommun., 1995, 1569. 
B. Pens and R. H. Crabtree, Chem. Commun., 1995, 2179. 
D. Braga, F. Grepioni, E. Tedesco, K. Biradha and G. R. Desiraju, 
Organometallics, 1996, 15, 2692. 
S. Suzuki, P. G. Green, R. E. Bumgarner, S. Dasgupta, W. A. Goddard, 
III and G. A. Blake, Science, 1992, 257, 942. 
D. S. Trifan and R. Bacskai, I Am. Chem. Soc., 1960, 82, 5010. 
D. M. Roe, P. M. Bailey, K. Mosely and P. M. Maitlis, Chem. Commun., 
1972, 1273. 
R. S. Drago, M. S. Norazi, R. J. Klinger and C. S. Chamberlain, Inorg. 
Chem., 1979, 18, 1254. 
L. Brammer, J. M. Charnock, P. L. Goggin, R. J. Goodfellow, A. G. 
Orpen and T. F. Koetzle, I Chem. Soc., Dalton Trans., 1991, 1789. 
35 
c Lpicf:i: Introduction 
L. Brammer, J. C. Mareque-Rivas and D. Zhao, Inorg. Chem., 1998, 37, 
5512. 
G. A. Jeffrey, "An introduction to hydrogen bonding", Oxford University 
Press, New York, 1997. 
S. Schneider, "Hydrogen bonding. A Theoretical Perspective", Oxford 
University Press, Oxford, 1997. 
T. Steiner and G. R. Desiraju, Chem. Commun., 1998, 891. 
P. A. Koliman and L. C. Allen, Chem. Rev., 1972, 72, 283. 
H. Umeyama and K. Morokuma, I Am. Chem. Soc., 1977, 99, 1316. 
L. P. Stubbs and M. Week, Chem. Eur. 1, 2003, 9, 992. 
G. Gilli and P. Gilli, J. Mo!. Struct., 2000, 552, 1. 
F. Diederich,J. Chem. Ed., 1990, 67, 813. 
L. Brammer, Dalton Trans., 2003, 3145. 
E. A. IEbsworth, D. W. H. Rankin and S. Cradock, "Structural methods in 
inorganic chemistry ", Second edition, Blackwell Scientific Publications, 
1991. 
P. J. Hore, "Nuclear magnetic resonance", Oxford University Press, 
1995. 
H. J. Neusser and K. Siglow, Chem. Rev., 2000, 100, 3921 and references 
therein. 
A. A. Hasenein, M. W. Evans, "Computational Methods in Quantum 
Chemistry", World Scientific, 1996. 
C. N. Pace, B. A. Shirley, M. McNutt and K. Gajiwala, FASEB 1, 1996, 
10, 75. 
36 
Chapter 1: Introduction 
A. R. Fersht, Trends Biochem. Sci., 1987, 12, 301. 
I. D. Dance, "Perspectives in supramolecular chemistry ", Vol. 2, Ed. G. 
R. Desiraju, Wiley, 1996. 
I. C. M. Wehman-Ooyevaar, D. M. Grove, H. Kooijman, P. van der Sluis, 
A. L. Spek and G. van Koten, J. Am. Chem. Soc., 1992, 114, 9916. 
L. M. Epstein, E. S. Shubina, A. N. Krylov, A. Z. Kreindlin and M. I. 
Ribinskaya, I Organomet. Chem., 1993, 447, 277. 
D. Braga, F. Grepioni, P. Sabatino and G. R. Desiraju, Organometallics, 
1994, 13, 3532. 
D. J. White, N. Laing, H. Miller, S. Parsons, S. Coles and P. A. Tasker, 
Chem. Commun., 1999, 2077. 
G. Aullon, D. Bellamy, L. Brammer, E. A. Bruton and G. Orpen, Chem. 
Commun., 1998, 653. 
G. Cooke and V. M. Rotello, Chem. Soc. Rev., 2002, 31, 275. 
S.-K. Chang, D. Van Engen, E. Fan and A. D. Hamilton, I Am. Chem. 
Soc., 1991, 113, 7640. 
P. V. Mason, N. R. Champness, S. R. Collison, M. G. Fisher and G. 
Goretzki, Eur. I Org. Chem., 2006, 6, 1444. 
P. A. Koliman and L. C. Allen, Chem. Rev., 1972, 72, 284. 
W. L. Jorgensen and J. Pranata, I Am. Chem. Soc., 1990, 112, 2008. 
(a) Y. Ge, R. R. Lilienthal and D. K. Smith, I Am. Chem. Soc., 1996, 
118, 3976; (b) M. Gray, A. 0. Cuello, G. Cooke and V. M. Rotello, I 
Am. Chem. Soc., 2003, 125, 7882. (c) S. Goswami, K. Ghosh and M. 
Halder, Tetrahedron Lett., 1999, 40, 1735. 
37 
Chapter 1: Introduction 
(a) A. Labande and D. Astruc, Chem. Commun., 2000, 1007. (b) M.-C. 
Daniel, J. Ruiz, S. Niate, J. Palumbo, J.-C. Blais and D. Astruc, Chem. 
Commun., 2001, 2000. 
(a) P. R. Schreiner, Acc. Chem. Res., 2003, 32, 289. (b) A. Wittkopp and 
P. R. Schreiner, Chem. Eur. 1, 2003, 9, 407. 
(a) S. Yamabe and S. Yamazaki, I Org. Chem., 2007, 72, 3031; (b) Y. 
Okuno, Chem. Eur. J., 1997, 3, 212. 
V. Fulop, R. P. Phizackerley, S. M. Soltis, I. J. Clifton, S. Wakatuski, J. 
Erman, J. Hajdu and S. L. Edwards, Structure, 1994, 2, 201. 
M. F. Perutz, G. Fermi, B. Luisi, B. Shaanan and R. C. Liddington, Acc. 
Chem. Res., 1987, 20, 309. 
B. A. Springer, S. G. Sugar, J. S. Olsen and G. N. Philips Jr., Chem. Rev., 
1994, 94, 699. 
N. C. Gerber, N. C and S. G. Sugar, J. Am. Chem. Soc., 1992, 114, 8742. 
M. Sono, M. P. Roach, E. D. Coulter, and J. H. Dawson, Chem. Rev., 
1996, 96, 2841. 
M. Mukai, S. Nagano, M. Tanaka, K. Ishimori, I. Morishima, T. Ogura, 
Y. Watanabe, and T. Kitagawa, I Am. Chem. Soc., 1997, 119, 1758. 
S.-I. Ozaki, M. P. Roach, T. Matsui and Y. Watanabe, Acc. Chem. Res., 
2001, 34, 818. 
B. Meunier, S. P. de Visser and S. Shaik, Chem. Rev., 2004, 104, 3947. 
V. Guallar, D. L. Harris, V. S. Batista and W. H. Miller, I Am. Chem. 
Soc., 2002, 124, 1430. 
0.1 
Chapter 1: Introduction 
C. J. Chang, L. L. Cheng and D. G. Nocera, I Am. Chem. Soc., 2003, 
125, 1866. 
J. Aikens and S. G. Sugar, I Am. Chem. Soc., 1994, 116, 1143. 
T. Deng, I. D. G. Macdonald, M. C. Simianu, M. Sykora, J. R. Kincaid 
and S. G. Sligar, I. Am. Chem. Soc., 2001, 123, 269. 
M. Matsu-ura, M. Tani, S. Nakayama, N. Nakamura and Y. Naruta, 
Angew. Chem. mt. Ed., 2000, 39, 1989. 
C. E. MacBeth, B. S. Hammes, V. G. Young Jr. and A. S. Borovik, Inorg. 
Chem., 2001, 40, 4733. 
Z. Shirrin, B. S. Hammes, V. G. Young Jr. and A. S. Borovik, I Am. 
Chem. Soc., 2000, 122, 1836. 
R. Gupta, C. E. MacBeth, V. G. Young Jr. and A. S. Borovik, I Am. 
Chem. Soc., 2002, 124, 1136. 
Z. Shirrin, V. G: Young Jr. and A. S. Borovik, Chem. Commun., 1997, 
1967. 
C. E. MacBeth, R. Gupta, K. R. Mitchell-Koch, V. G. Young Jr., G. H. 
Lushington, W. H. Thompson, M. P. Heindrich and A. S. Borovik, I Am. 
Chem. Soc., 2004, 126, 2556. 
N. Kitajima and Y. Moro-Oka, Chem. Rev., 1994, 94, 737. 
M. Costas, M. P. Mehn, M. P. Jensen and L. Que, Jr, Chem. Rev., 2004, 
104, 939. 
G. Anderegg and F. Wenk, Helv. Chim. Acta, 1967, 50, 2330. 
H. Nagao, N. Komeda, M. Mukaida, M. Suzuki and K. Tanaka, Inorg. 
Chem., 1996, 35, 6809. 
39 
Q/iijpiaI: introduction 
M. Merkel, D. Schnieders, S. M. Baldeau and B. Krebs, Eur. I Inorg. 
Chem., 2004, 4, 783. 
Z. He, J. ChaimungkalanOflt, D. C. Craig and S. B. Coibran, Dalton 
Trans., 2000, 1419. 
N. Wei, N. N. Murthy and K. D. Karlin, Inorg. Chem., 1994, 33, 6093. 
K. Jitsukawa, M. Harata, H. Arii, H. Sakurai and H. Masuda, Inorg. 
Chim. Acta, 2001, 324, 108. 
C.-L. Chuang, 0. Dos Santos, X. Xu and J. W. Canary, Inorg. Chem., 
1997, 36, 1967. 
J. W. Canary, C. S. Allen, J. M. Castagnetto and Y. Wang, J. Am. Chem. 
Soc., 1995, 117, 8484. 
Z. He, P. J. Chaimungkalaflont, D. C. Craig and S. B. Coibran, I Chem. 
Soc., Dalton Trans., 2000, 1419. 
B. C. Wilkinson, Y. Dong, Y. Zang, H. Fujii, R. Fraczkiewicz, G. 
Fraczkiewicz, R. S. Czernuszewicz and L. Que, Jr, J. Am. Chem. Soc., 
1998, 120, 955. 
Y. Ma and P. B. Balbuena,J. Phys. Chem. B, 2007, 111,2711. 
Z. Tyeklar, R. J. Jacobson, N. Wei, N. N. Murthy, J. Zubieta and K. D. 
Karlin, I Am. Chem. Soc., 1993, 115, 2677. 
T. Kojima, T. Amano, Y. Ishii, M. Ohba, Y. Okaue and Y. Matsuda, 
Inorg. Chem., 1998, 37, 4076. 
H. Sugimoto, M. Kamei, K. Umakoshi, Y. Sasaki and M. Suzuki Inorg. 
Chem., 1996, 35, 7082. 
Eut 
Chapter 1: Introduction 
R. M. Chin, R. H. Dubois, L. E. Helberg, M. Sabat, T. Y. Bartucz, A. J. 
Lough, R. H. Morris and W. D. Harman, Inorg. Chem., 1997, 36, 3553. 
B. J. Brisdon, M. Cartwright, A. G. W. Hodson, M. F. Mahon and K. C. 
MolloyJ. Organomet. Chem., 1992, 435, 319. 
D. C. Bebout, D. E. Ehmann, J. C. Trinidad, K. K. Crahan, M. E. Kastner 
and D. Parrish Inorg. Chem., 1997, 36, 4257. 
H. Sugimoto and Y. Sasaki, Chem. Lett., 1998,3, 197. 
T. Nagataki, K. Ishii, Y. Tachi and S. Itoh, Dalton Trans., 2007, 1120. 
M. Merkel, M. Pascaly, B. Krebs, J. Astner, S. P. Foxon and S. Schindler, 
Inorg. Chem., 2005, 44, 7582. 
H. G. Jang, D. D. Cox and L. Que, Jr., J. Am. Chem. Soc., 1991, 113, 
9200. 
D.-H. Jo, H.-M. Chiu and L. Que, Jr., Inorg. Chem., 2001, 40, 3181. 
Y. Miyazato, T. Wada and K. Tanaka, Bull. Chem. Soc. Jpn., 2006, 79, 
745. 
(a) G. J. P. Britovsek, J. England and A. J. P. White, Inorg. Chem., 2005, 
44, 8125; (b) M. Yamaguchi, H. Kousaka, S. Izawa, Y. Ichii, T. Kumano, 
D. Masui and T. Yamagishi, Inorg. Chem., 2006, 45, 8342. 
H. Nagao, N. Komeda, M. Mukaida, M. Suzuki and K. Tanaka, Inorg. 
Chem., 1996, 35, 6809. 
D. Maiti, H. R. Lucas, A. A. Narducci Sarjeant and K. D. Karlin, I Am. 
Chem. Soc., 2007, 129, 6998. 
J. Zhang, K. Siu, C. H. Lin and J. W. Canary, New I. Chem., 2005, 29, 
1147. 
41 
Chapter I: Introduction 
K. D. Karlin, J. C. Hayes, S. Juen, J. P. Hutchinson and J. Zubieta, Inorg. 
Chem., 1982, 21, 4106. 
L. Metteau, S. Parsons an J. C. Mareque-Rivas, Inorg. Chem., 2006, 45, 
6601. 
N. N. Murthy and K. D. Karlin, J. Chem. Soc., Chem. Commun., 1993, 
1236. 
J. C. Mareque-Rivas, R. Prabaharan and S. Parsons, Dalton Trans., 2004, 
1648. 
A. Wada, S. Ogo, S. Wada, Y. Watanabe, M. Mukai, K. Jitsukawa, H. 
Masuda and H. Einaga, Inorg. Chem., 1999, 38, 3592. 
M. Harata, K. Jitsukawa, H. Masuda and H. Einaga, J. Am. Chem. Soc., 
1994, 116, 10817. 
S. Ogo, S. Wada, Y. Watanabe, M. Iwase, A. Wada, M. Harata, K. 
Jitsukawa, H. Masuda and H. Einaga, Angew. Chem. mt. Ed., 1998, 37, 
2102. 
M. Harata, K. Jitsukawa, H. Masuda and H. Einaga, Chem. Lett., 1996, 9, 
813. 	 - 
Y. Zang, J. Kim, Y. Dong, E. C. Wilkinson, E. H. Appleman and 
Lawrence Que Jr., J. Am. Chem. Soc., 1997, 119, 4197. 
K. Chen, M. Costas and L. Que Jr., J. Chem. Soc., Dalton Trans., 2002, 
672. 
M. Yamaguchi, H. Kousaka, S. Izawa, Y. Ichii, T. Kumano, D. Masui and 
T. Yamagishi, Inorg. Chem., 2006, 45, 8342. 
T. Nagataki, K. Ishii, Y. Tachi and S. Itoh, Dalton Trans., 2007, 1020. 
42 
Chapter 1: Introduction 
S. Ogo, R. Yamahara, M. Roach, T. Suenobu, M. Aki, T. Ogura, T. 
Kitagawa, H. Masuda, S. Fukuzumi and Y. Watanabe, Inorg. Chem., 
2002, 41, 5513. 
D. D. Cox andL. Que, Jr.,J. Am. Chem. Soc., 1988, 110, 8085. 
H. G. Jang, D. D. Cox and L. Que, Jr., I Am. Chem. Soc., 1991, 113, 
9200. 
L. Que., Jr., R. C. Kolanczyk and L. S. White, I Am. Chem. Soc., 1987, 
109, 5373 
L. S. White, P. V. Nilsson, L. H. Pignolet and L. Que, Jr., I Am. Chem. 
Soc., 1984, 106, 8312. 
D. -H. Jo, Y.-M. Chiou andL. Que, Jr.,Inorg. Chem., 2001, 40, 3181. 
T. Funabiki, T. Yamazaki, A. Fukui, T. Tanaka and S. Yoshida, Angew. 
Chem. mt. Ed., 1998, 37, 513. 
A. Wada, M. Harata, K. Hasegawa, K. Jitsukawa, H. Masuda, M. Mukai, 
T. Kitagawa and H. Einaga, Angew. Chem. mt. Ed., 1998, 37, 798. 
43 
Chapter 2: 
Effects and strength of hydrogen bonds 
in LMCI complexes (L = TPA derivative, M = Zn, Cu) 
/ 
cJgiri Effects and strength of hydrogen bonds in LMCI complexes (L = TPA derivative. M = Zn. Cu) 
2.1. Introduction 
The importance of the ligand environment in determining chemistry at metal 
sites is well understood. As a result, the vast majority of ligand designs are aimed at 
tuning metal chemistry through rational selection of coordinating groups. In Nature, 
however, it is known that the microenvironment of the active site can also influence 
the function of metalloproteins through non-covalent interactions such as hydrogen 
bonding.' Thus, hydrogen bonding to metal-bound ligands is an ubiquitous feature of 
the active site of many metalloenzymes." 2 As a consequence, the development of 
synthetic systems that resemble more faithfully the hydrogen bonding 
microenvironments of metalloproteins has become an area of intense research. 3 
In order to assess the real potential of exploiting or designing 
microenvironments around metal ion(s) as a novel approach in ligand design, it is 
important to investigate and contrast the magnitude of effects associated with non-
coordinating and coordinating groups in structural and functional features of model 
coordination complexes. For instance, our group has shown that the presence of non-
coordinating amino groups in the proximity of a zinc(II)-bound water molecule 
enhances its acidity by a similar magnitude to lowering the coordination number 
andlor increasing the positive charge of the zinc(II) centre, which increase its Lewis 
acidity. 4  Our group has also shown that amino N—H hydrogen bond donors adjacent 
to a zinc(II) centre can increase the affinity of phosphates to a monometallic zinc(II) 
complex to an extent comparable to a second metal in bimetallic zinc(II) complexes. 5 
Important properties of metal-bound ligands, including nucleophilicity, 
electrophilicity and acidity depend on the interaction with the metal ion. In addition, 
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properties of the metal are modulated by the ligand environment. In all these aspects 
the metal—ligand distance(s) are an important parameter. Given the current intense 
interest in ligands that induce intramolecular hydrogen bonds to metal bound 
ligands,38  we considered it important to investigate the implications of the hydrogen 
bonding groups on metal—ligand distances. As a model, we investigate the extent to 
which ligands L that create a hydrogen bonding cavity in trigonal bipyramidal 
[(L)Zn(Cl)] cations affect the L—Zn and Zn—Cl distances. 
It is reasonable to expect that the magnitude of the effects exerted by the 
hydrogen bonding groups will depend on the geometry and strength of the hydrogen 
bonding interactions induced. Thus, it is also important to investigate factors 
affecting the geometry and strength of internal hydrogen bonds. Recently, our group 
has demonstrated that the metal geometry plays an important role in determining the 
geometry of internal N—H Cl—Zn hydrogen bonds. 6 Here we compare the 
geometries of hydrogen bonds as a function of the hydrogen bond donors involved, 
and of their number. Since many transition metals exist in different oxidation states, 
we investigated also the extent to which the oxidation state of the metal influences 
the strength of hydrogen bonding to metal-bound chlorides. 
Clearly, to investigate the interactions between the second coordination 
sphere of metal complexes such as hydrogen bonds with exogenous ligands, it is 
necessary to induce and establish the formation of hydrogen bonding to metal-bound 
ligands. For this, we have chosen a series of ligands containing amino, 
neopentylamino and pivaloylamido groups, which were synthesized according to the 
literature.68 
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To study the hydrogen bonding interactions formed, we used various 
techniques and procedures, such as infra-red and NMR spectroscopy, X-ray 
crystallography and theoretical calculations. 
2.2. Liqand selection 
The (6-R'-2-pyridylmethyl)amine (R' = NH 2 or NHCH 2 tBu) ligand unit has a 
suitable stereochemistry for the participation of the N—H group in internal hydrogen 
bonding to an adjacent metal-bound ligand. 8 The ligand fragment 2-
aminomethylpyridine has been incorporated into a very large number of polydentate 
ligands, thus allowing the examination of effects arising from different coordination 
environments in the chemistry of their metal complexes. Hence, ligands L, with 
either of these fragments, seemed suitable to investigate and contrast the relative 
importance of hydrogen bonding and coordinating groups in determining structural 
properties of their [LMCl]" °  complexes (M = Cu, Zn). As a series, N(CH 2Py)3_ 
n(CH2Py6) n ligands (R = N}1 2 , n = 1-3 LAmI_3;  R = NHCH 2 tBu, n = 1-3 L' 3 ; R 
= NHCOtBu, n = 1-3 L'" 3) offer a similar N4 coordinating environment and a 
variable hydrogen bonding and hydrophobic microenvironment. 
In all cases hydrogen bonding was only achieved to the metal-bound atom. 
Tripodal poly(2-pyridylmethyl)amine-based ligands (Figure 2.1) were chosen for the 
following reasons: 
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N,)LJ 
R= H;TPA 
R = (H)3.., (NHCOtBu); L"" 
R = (II), (NHCH2 tBu); L 
R = (H)3.., (NH2); LAm- 
Figure 2.1. Schematic representation of the TPA -based ligands used. 
. The poly-dentate nature of the ligand should stabilise the metal complexes 
formed. 
The nitrogen atoms of the pyridine rings should provide the bound metal with 
a primary coordination sphere resembling that of many oxygenases. 
. The effect of several R groups (e.g. different numbers and types of hydrogen 
bonding groups) can be investigated relatively quickly. 
Since TPA does not have the possibility of forming hydrogen bonds, it will be the 
"standard" to quantify the effect of the functional groups introduced. 
2.3. Results and discussion 
For this investigation, four ligands were prepared. L\m 3  was synthesized 
along with its Zn(II)Cl complex, and LPIVI3 along with its Cu(I)Cl and Cu(II)Cl 
complexes. This allows comparison with complexes previously reported in the 
literature6  and synthesized in our group by Dr. Rafael Tones Martin de Rosales, 
([(Lm)Zfl(Cl)](Bph4), [(L' 3)Zn(Cl)XBPh4). All these complexes have BPh 4 as 
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counter ion, the complex [(Lm 3)Zfl(Cl)](BPh4).CH3CN, was synthesized according 
to the same procedure. 9 
2.3.1. Synthesis 
2.3.1.1. Tripodal ligands 
The synthetic steps for the tripodal ligands are as follows (Scheme 2.1). 




C 	 D 	 E 
—Br 	 N 	 NH2 
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C C\ 7 (C 
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	0 ~'\r 
Scheme 2.1. Reagents and conditions used for the synthesis of the compounds; (i) 
tBuCOC1 (1.5 equiv.), CH 202, NEt3 , 22 h; (ii) NBS (1.5 equiv.), AIBN (0.1 equiv.), 
CC14, 80 °C, 3.5 h; (iii) potassium phthalamide (1 equiv.), DMF, 120 °C, 3 h; (iv) 
N2H4 H20 (1 equiv.), EtOH, 60 °C, 3 h. 
The first step involves the protection of the amino group with 
trimethylacetylchloride, with triethylamine acting as an external base. The product is 
purified by flash chromatography and then reacted with N-bromosuccinimide (NBS) 
and a catalytic amount of 2,2'azobis(2-methyl-prOpiOflitr1le) (AIBN) to achieve the 
bromination of the picoline methyl group. The brominated compound C needs 
further purification by chromatography to ensure separation from the unreacted non- 
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brominated, and the bis-brominated species. The Gabriel synthesis of primary amines 
with mono-hydrated hydrazine finally yields quantitatively the final product E. 
Coupling this amine E with 2 equivalents of the brominated compound C 
yields the symmetrical 0V 3 . The reaction between 2 equivalents of this brominated 
compound with 2aminomethylPYridine generates the bis-functionalised 
LPIV2, and 
the coupling between 2 equivalents of 2-picolylchioride and I equivalent of the 
amine E generates the monosubstituted The three coupling reactions were 
conducted in acetonitrile, using sodium carbonate in excess to facilitate the 
deprotonation of the amines. Purification in all cases is achieved by flash 
chromatography. 









Scheme 2.2. Generation of L 
Am-3 
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The complete hydrolysis of the three trimethylacetyl groups is achieved in 
several days, almost one day per protecting group to be removed. The pure target 
compound is extracted with dichioromethane after basification of the solution. 
2.3.1.2. Metal complexes 
The synthesis of the Zn(II) complexes of L4m3  was achieved using ZnC1 2 as 
a precursor. Mixing equimolar amounts of Lm3  and ZnC12 in acetonitrile yields 
[LAm 3zn(cl)J(co ,  from which [LAm3Zn(Cl)](BPh4)  was prepared by metathesis 
reaction with NaBPh4. Upon addition of NaBPh 4 , the complex precipitates, and is 
filtered over a Büchner filter and washed with methanol. 
The synthesis of the Cu(I)Cl complexes of L'' were performed by mixing 
equimolar amounts of L' and CuCl in a glove box and in oxygen free acetonitrile. 
The [L'Cu(Cl)] complexes were isolated by simply removing the solvent under 
high vacuum. The synthesis of the Cu(II)Cl complexes of L'' were performed by 
mixing equimolar amounts of L'" and CuC1 2 in acetonitrile. The [L'Cu(Cl)](Cl) 
complexes were isolated by removing the solvent under high vacuum. 
Crystals of [Lm3Zn(Cl)](BPh4)  and [L 3Cu(Cl)] suitable for X-ray 
diffraction were obtained by slow evaporation of MeCN solutions. The relevant 
crystallographic data and structure refinement details are given in Table 2.1 and 
Table 2.2. 
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R l (F)a (all data) 0.1096 
WR 2(F2)a (all data) 0.1997 
S(F2) (all data) 
1.268 
Largest difference peak, hoie/e A3 
1.1 06,-0.734 
= (JFOI - IFD/ (lF0I; wR2(F2) = [
Ew(F02 - F 2)2/wF
042 S(F2) = 
[w(Fo2 - F 2)21(n — p)I "2 • 
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Table 2.2. Crystallographic data and structure refinement details for [L' 
3Cu(Cl)] 
Empirical Formula C33H4503C1N7Cu 
Mr 686.75 
TIK 150(2) 
Crystal system Orthorhombic 




a! ° 95.634(3) 
/31° 92.657(3) 
109.312(3) 
v1A 3 3496.13(11) 
Z 4 
D/gcm 3 1.305 
,u / nim 0.74 
Reflexions measured, unique 61509, 10658 
R1 0.0579 
R1(p)a (all data) 0.0664 
WR2(F2)a (all data) 0.1230 
s(F2)a (all data) 1.072 
Largest difference peak, hole/e - A3 1.21,-1.267 
aR(p') = E(1F01 - IFI)/ (IFoI; wR2(17 ) = [Ew(F02 - F2)2/wFo4 ] 112 ; S(F') = 
[w(F02 - F 2 ) 21(n — p)] 112 . 
2.3.2. Geometrical features of LZnCI complexes (L = TPA 
derivative) 
Recently several X-ray structures of [(L)Zn(C1)f complexes, in which the 
zinc(II) centre was in a trigonal bipyramidal N 4C1 ligand environment with the Cl 
ligand occupying one of the axial positions have been reported. Some of these 
complexes contain internal hydrogen bonds between the axial chloride and a nitrogen 
donor (Figure 2.2) .6 
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• HNH.. 
Figure 2.2. Schematic representation of a [(L)Zn(Cl)] complex with internal 
hydrogen bonding. 
It is interesting to compare the axial Zn—N and Zn—Cl distances in these 
complexes and in [(TPA)Zn(Cl)](BPh4, 1°  to see if hydrogen bonds exert a structural 
effect on these metal complexes. In principle, the introduction of substituents at the 
pyridine 6 1h position may also alter the steric requirements and electronic properties 
at the metal site, and thus affect the M—Cl and M—N distances. 
2.3.2.1. inflUence of the nature of hydrogen bonds on the M-N and M-CI 
distances 
It is reasonable to expect that the magnitude of the effects exerted by internal 
hydrogen bonding will depend on the geometry and strength of the interactions 
induced. Thus, it is also important to elucidate and investigate factors affecting the 
geometry/strength of internal hydrogen bonds. A suitable strategy is to change the 
nature of the hydrogen bonding groups involved. 
The structures of [(TPA)Zn(Cl)](BPh2), [(Lml)Z n(Cl)J(BPh4), [(LNP 
')Zn(Cl)](BPh4) and [(L')Zn(Cl)](BPh4) can be used to compare the influence of 
various hydrogen bonding groups on the metal—chloride and metal—nitrogen 
distances. These groups differ in terms of electronic, steric, and hydrogen bonding 
properties. Whereas amino and neopentylamino groups have comparable electronic 
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properties (they are electron donating), pivaloylamido groups are strongly electron-
withdrawing. Also, neopentylamino and pivaloyamido groups have a comparable 
bulk, which is much greater than that of amino groups. These characteristics should 
allow us to determine if any of these factors is predominant, or if they all exert a 
similar effect on metal—ligand distances. Table 2.3 represents an attempt to predict 
the structural effect associated with steric, electronic and hydrogen bonding changes 
on the geometry of a trigonal bipyramidal complex. 
Table 2.3. Plausible structural and electronic effect of substituents R in 
the pyridine 61h  position on metal-ligand distances. 
M—Cl M—Np MNax 
Steric bulk Decrease Increase Decrease 
R being electron 
withdrawing Decrease Increase Increase 
R being electron 
donating Increase Decrease Decrease 
Hydrogen bonds Increase Decrease 
Bulky groups such as tert-butyl groups in the pyridine 61h  position should 
lengthen the M—Np bond, especially the one carrying the hydrogen bonding group. 
This structural change could be compensated by a shorter MN ax distance. The 
presence of bulky groups near the M—Cl unit should also favour shorter M—Cl 
distances to reduce steric interaction between these groups and the chloride anion. 
Electron-withdrawing groups should render the Np y nitrogen atoms less electron rich, 
and therefore reduce their ability to bind strongly the metal centre, potentially 
inducing shorter M—Cl bonds. The presence of hydrogen bonds between the R group 
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and the bound chloride anion should result in a longer M-Cl bond, as a result of 
making the chloride less electron rich. In contrast, the Np y nitrogen atoms of the 
substituted pyridines could be shorter due to the formation of the hydrogen bond. 
Finally, one can expect two opposite effects of hydrogen bonds on the MN ax bond. 
On the one hand, the less electron-rich metal should prefer a shorter MN ax bond, but 
on the other hand, the shortening of the M-Np y bonds should induce a longer M-Nax 
due to geometrical constraints imposed by the tripodal ligand. 
Table 2.4. Selected bond lengths (A) and angles (°) for the cations in [TPAZn(Cl)] 
BPh4,'° [LAmlZn(Cl)]Bph4,9  [0 4 Zn(Cl)] BPh4 ,9 and [L''Zn(Cl)] BP1L 9 
complexes. 
[TPAZn(Cl)] [(LAm.l )Zn(Cl)] [(L' )Zn(Cl)] [(L1 "' )Zn(Cl)] 
Zn--Cl 2.2754(14) 2.2959(7) 2.2806(9) 2.2812(7) 
ZflNax 2.271(3) 2.2247(18) 2.236(3) 2.1990(15) 
Zn-Np 2.064(3) 2.0704(19)* 2.100(2)* 2.1351(15)* 
Zn-Np 2.063(3) 2.1021(19) 2.072(3) 2.0885(16) 
Zn-Np 2.080(3) 2.08 1(2) 2.093(2) 2.0651(17) 
Average Zn- 2.069(5) 2.084(27) 2.088(4) 2.096(28) 
NPY 
Cl-Zn-Nax 177.90(9) 170.00(5) 173.20(7) 174.09(4) 
C1-Zn-Np 102.26(10) 11 0.50(5)* 1 08.76(7)* 1 06.20(4)* 
Cl-Zn-Np 103.90(11) 96.55(5) 102.55(8) 96.66(5) 
Cl-Zn-Np 100.46(10) 104.24(5) 96.15(7) 104.24(5) 
Nax ZnNpy 77.41(12) 79.11(7)* 77.46(9)* 78.02(5)* 
Nax ZflNpy 78.10(13) 76.54(7) 77.72(11) 77.51(6) 
Nax ZflNpy 78.14(12) 77.75(7) 77.72(9) 75.75(6) 
0.93 0.83 0.80 0.88 
* indicates that the pyridine ring is carrying the hydrogen bonding group. t = degree 
of trigonality (vide infra). 
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The first noticeable feature shown in Table 2.4 is the lengthening of the Zn-
Cl bond from 2.275 A in [(TPA)Zn(Cl)] to 2.281 A in [(L')Zn(Cl)f 4 and [(L 
')Zn(Cl)], and to 2.296 A in [(LAm)Zn(Cl)f. This can be explained from Table 2.3, 
since the latter benefits from electronic effects and hydrogen bonding, while the 
steric hindrance which could favour a shorter Zn—Cl is very small. Table 2.4 shows 
that the geometric features of the internal N—H "Cl—Zn hydrogen bond in [(LNP 
'Zn(Cl)] and [(L''Zn(Cl)] cations are approximately the same despite amide N—H 
groups being presumably better hydrogen bond donors than amino groups. 6 This is 
also reflected in the shorter H''Cl interaction (vide infra). One structural feature that 
may partly account for this result is the slightly longer Zn—N* distance of the 
pyridine carrying the pivaloylamido group presumably due to the electron 
withdrawing effect of these groups on the pyridine ring. The similarity between the 
Zn—Cl bond length with a neopentylamino and a pivaloylamido group can also be 
correlated to Table 2.3. The electron donating properties of the neopentylamino 
group ligand and hydrogen bonding favour a longer Zn—Cl bond than in the TPA 
complex, while only hydrogen bonding favours Zn—Cl bond lengthening in the case 
of the pivaloylamido group. For the pivaloylamido group, however, hydrogen bonds 
should be much stronger due to its presumably better hydrogen bond donating 
ability. Thus, the difference in hydrogen bonding strength seems to compensate for 
the change of electronic properties of the ligand. From this result, it appears 
reasonable to assume that hydrogen bonds exert the predominant effect on the Zn—Cl 
distance in these complexes. It should be noted, however, that the observed changes 
in Zn—Cl bond lengths are smaller (ca. 0.02 A) than the changes on the substituted 
pyridyl nitrogen Np y., and on the bridgehead nitrogen Nax (ca. 0.07 A). The Zn—Np* 
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bond lengths are comparable for {(TPA)Zn(Cl)] and [(LAm.i)Zfl(Cl)]+,  and increase 
by 0.035 A and 0.070 A in [(L')Zn(Cl)] and [(L 1 )Zn(Cl)], respectively. The 
lengthening of this bond can be attributed mainly to the steric hindrance due to the 
tert-butyl group in [(L 1'')Zn(Cl)], and to both steric hindrance and electronic 
effects in [(L''')Zn(Cl)]. The degree of trigonality was evaluated by means of the 
angular structural parameter r = (/3 - a)160 introduced by Addison et al. , where a 
and 8 represent the two largest angles around the central atom with ,8> a. A perfect 
trigonal bipyramidal geometry is associated with r = 1, while r = 0 is indicative of a 
perfect square pyramidal geometry. Here, all complexes exhibit a mainly trigonal 
bipyramidal arrangement. 
From these results, it looks like the Zn—N bond lengths are mainly affected by 
steric and electronic effects, whereas the Zn—Cl bond length is governed by hydrogen 
bonds. In order to confirm this hypothesis, it is interesting to investigate how these 
distances change when the number of hydrogen bond changes. 
2.3.2.2. Influence of the number of hydrogen bonds on the M-N and M-
Cl distances 
Since [(LAmI  3)Zn(Cl)] (BPh4)and [(LNPI  3)Zn(C1)] (BPh4) exhibit internal N-
HCl—Zn hydrogen bonds, we viewed it important to determine if there is a 
correlation between the number and geometries of N—H- 'Cl—Zn hydrogen bonding 
interactions and the length of the Zn—Cl bond. In order for this comparison to be 
made, it was necessary to determine the X-ray crystal structure of [(Lm 
3)Zn(Cl)](BPh4) (Figure 2.3 and Table 2.5). 
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All complexes verify the lengthening of the Zn-Cl bond by local N-H 
hydrogen bond donors (Table 2.5-2.6), and the concomitant shortening of the Zn-N 
bond to the axial bridgehead nitrogen Nax. This effect increases with the number of 
hydrogen bond donors. 
Table 2.5. Selected bond lengths (A) and angles (°) for the cations in 
[TPA7-n(Cl)]BPh49  and [(LAm)Zfl(Cl)]BPhO complexes. 
[TPAZn(Cl)] 	[(LAmI )Zn(Cl)] [(LAm 2)Zn(Cl)]+ [(LAm 3)Zfl(C1)]+ 
Zn-Cl 2.2754(14) 2.2959(7) 2.323(2) 2.3467(18) 
ZflNax 2.271(3) 2.2247(18) 2.181(3) 2.116(5) 
Zn-Np 2.064(3) 2.0704(19)* 2.120(3)* 2.158(5)* 
Zn-Np 2.063(3) 2.1021(19) 2.085(3)* 2.183(5)* 
•Zn-Np 2.080(3) 2.081(2) 2.093(3) 2.139(5)* 
Average Zn- 2.069(5) 2.084(27) 2.099(5) 2.159(9) 
NPY 
Cl-Zn-Nax 177.90(9) 170.00(5) 169.20(12) 177.39(15) 
Cl-Zn-Np* 102.26(10) 1 10.50(5)* 101.62(1 0)* 102.24(1 5)* 
Cl-Zn-Np 103.90(11) 96.55(5) 111.18(10)* 99.80(14)* 
Cl-Zn-Np 100.46(10) 104.24(5) 93.81(13) 102.44(14)* 
Nax-Zn-Npy 77.41(12) 79.1 1(7)* 76.85(10)* 79.0(2)* 
Nax ZnNpy 78.10(13) 76.54(7) 79.01(10)* 77.59(19)* 
Nax-Zn-Npy 78.14(12) 77.75(7) 78.23(11) 78.86(18)* 
• 	0.86 	 0.83 	 0.80 	 0.94 
* indicates that the pyridine ring is carrying the hydrogen bonding group. 
The Zn-Cl distance follows the trend 2.275 A in [(TPA)Zn(Cl)](BPh4, 2.296 
A with one, 2.323 A with two, and 2.347 A with three amino groups, respectively 
(Table 2.5). It is interesting to note that the lengthening of the axial Zn-Cl bond is 
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accompanied by a progressive seemingly correlated shortening of the axial ZflN a ,, 
distance; 2.271 A in [(TPA)Zn(Cl)](BPh4), 2.225 A with one, 2.181 A with two, to 
2.115 A with three amino groups. As a result of the triply hydrogen bonding 
microenvironment the Zn—Cl distance of [(LAm-3)Zfl(C1)](Bph4).CH3CN (Figure 2.3) 
is at the upper end of the range observed for Zn—Cl bonds (vide infra), whereas the 
axial Zn—Nax distance is one of shortest among N 4 ligands that induce a trigonal 
bipyramidal geometry. Finally, the Zn—Np bonds are lengthened when each amino 
group is introduced, despite their electron donating character, presumably due to 
steric reasons. Thus, the average Zn—N distance is progressively lengthened from 
2.069 A in [(TPA)Zn(C1)](BPh4) to 2.084 A, 2.099 A, and 2.159 A on sequential 
addition of NH 2 groups. 
•-: - 
• 
Figure. 2.3 Thermal ellipsoid plot drawn with 30% probability ellipsoids of the 
[(LAm3)Zfl(Cl)J+ cation showing the triple internal N—H Cl—Zn hydrogen bonding. 
Only N—H hydrogens are shown for clarity. 9 
The Zn—Cl distances of the complexes with the neopentylamino groups are 
also longer than in [(TPA)Zn(C1)](BPh4, however, they are shorter than with the 
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amino groups and follow a different trend than those with the amino groups, 2.281 A 
with one, 2.286 A with three and 2.313 A with two neopentylamino groups (Table 
2.6). These structural differences could lead to functional differences between 
complexes with different internal hydrogen bonding groups. Conclusive structure-
function relationships for these and related ligands have not been established yet. It is 
interesting to note, however, that differences arise between the extent to which the 
amino groups of the neopentylamino groups increase the zinc—water acidity of their 
zinc—aqua complexes.' 2  Recently, it was also shown that the reactivity of ruthenium 
complexes of LNPI3  is controlled by the nature of hydrogen bonding groups at the 
pyridine 6-position. 13 Like in [(LAm3)Zn(Cl)]+,  as the number of hydrogen bonding 
groups increases in [(LN 3)Zn(Cl)f complexes the axial Zn—N distance shortens 
progressively from 2.236 A to 2.161 A and 2.113 A. Also noticeable are the changes 
induced by the neopentylamino groups on the equatorial Zn—N distances. Despite 
the electron donating character of these groups, the zinc(II) complexes have average 
Zn—N distances which increase from 2.088 A to 2.121 A and 2.183 A, and hence 
• are slightly longer than the corresponding amino analogues, presumably due to 
greater steric hindrance. 
61 
Chapter 2: Effects and strength of hydrogen bonds in LMCI complexes (L = TPA derivative, M = Zn. Cu) 
Table 2.6. Selected bond lengths (A) and angles (°) for zinc(II) [LNZ n(Cl)]BPh4 
cations. 9 ' 10 
[TPAZn(C1)] [LNPl  Zn(Cl)] [L"2Zn(Cl)] [LNP3Zn(Cl)]+ 
Zn-Cl 2.2754(14) 2.2806(9) 2.3131(13) 2.2861(7) 
ZflNax 2.271(3) 2.236(3) 2.161(4) 2.113(2) 
Zn-Np 2.064(3) 2.100(2)* 2.134(4)* 2.152(2)* 
Zn-Np 2.063(3) 2.072(3) 2.120(4)* 2.186(2)* 
Zn-Np 2.080(3) 2.093(2) 2.108(4) 2.211(2)* 
Average Zn- 2.069(5) 2.088(4) 2.121(7) 2.183(4) 
Npy 
ClZflNax 177.90(9) 173.20(7) 170.18(12) 176.63(6) 
Cl-Zn-Np 102.26(10) 108.76(7)* 103.07(12)* 103.76(6)* 
Cl-Zn-Np 103.90(11) 102.55(8) 108.01(10)* 100.84(6)* 
Cl-Zn-Np 100.46(10) 96.15(7) 93.54(16) 101 .08(6)* 
Nax Zfl-Npy 77.41(12) 77.46(9)* 78.95(1 6)* 79.45(8)* 
Nax-Zfl-Np y 78.10(13) 77.72(11) 79.88(1 5)* 76.98(8)* 
Nax ZIFNpy 78.14(12) 77.72(9) 77.36(15) 77.93(8)* 
0.86 0.80 0.83 0.94 
* indicates that the pyridine ring is carrying the hydrogen bonding group. 
Here, it should be noted that all these zinc(II) chloride complexes adopt a 
predominantly trigonal bipyramidal geometry, with r ranging from 0.80 to almost 
unity. It is also greatest when three hydrogen bonding groups are present, which may 
reflect the greater symmetry of the ligandlmetal complex. 
In summary, the presence of internal N-}f Cl hydrogen bonds within the 
metal complexes contributes to the geometrical changes observed. They induce 
longer M-Cl bonds, and also maintain the structure in a predominantly trigonal 
bipyramidal arrangement. 
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2.3.3. H-Bond geometry/strength and nature of the H-bonding 
groups 
Here, we report and compare geometric features of internal RN—H"'Cl—Zn 
hydrogen bonds in a range of [(L)Zn(Cl)] cations (Table 2.7). Based on steric 
considerations it may have been reasonable to expect the hydrogen bonds of the 
neopentylamino groups (R = CH2tBu) to be longer than those of the amino groups (R 
= H). It may have also been reasonable to expect the hydrogen bonds to be longer as 
the number of interactions increases, due to increasing steric hindrance and/or the 
Zn—Cl unit becoming a poorer hydrogen bond acceptor. This structural study 
however, shows that amino and neopentylamino groups form hydrogen bonds with 
similar average hydrogen bond donor ... acceptor distances. It shows also that 
increasing the number of local RN—H groups does not result in longer hydrogen 
bonds. Thus, the average NCl distances are 3.213 A in [LAmiZn(Cl)]+,  3.192 A in 
[LAm2Zfl(Cl)]+ and 3.148 A in [Lm3Zn(Cl)]+,  compared to 3.213 A in [LNP 
'Zn(Cl)], 3.219 A in [L 2Zn(Cl)] and 3.169 A in [L 3Zn(Cl)]. It is, however, 
interesting to note that in the complexes bearing multiple hydrogen bonds, especially 
in the case of the [J]'" 3Zn(Cl)] cation, the three hydrogen bonds are not equivalent; 
the H" Cl distance and the N—H" Cl angle are comparable for two of these 
interactions (2.26 A and 2.23 A / 155.1° and 156.1°) but the third interaction is 
dramatically different (2.12 A / 167.10). Finally, the presumably stronger hydrogen 
bond arising from the Cl interaction is not reflected in the N Cl distance, 
3.213 A, which is identical to that observed for the amino and neopentylamino 
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complexes. Only the H" Cl distance appears to be slightly shorter (2.22 A instead of 
2.24 A and 2.23 A, respectively). 
Table 2.7. Geometric features of internal hydrogen bonding interactions to the LZn-
ci units. 9 
Interaction N_Ha! A N ... Cl/ A H'CIJ A N-H'•Cl/° 
Amino group 
[(LAml)Zfl(Cl)]+ N-HC1 1.01 3.213(3) 2.24 160.4 
[(LAm -2)Zn(Ci)f Nb_HL ... Cll) 1.01 3.169(6) 2.45 127.2 
N_H..,Clb 1.01 3.277(5) 2.31 160.1 
N_H...cic 1.01 3.183(12) 2.22 157.8 
Nc_H.c1c 1.01 3.076(6) 2.15 150.9 
[(LAm -3)Zfl(C1)]+ N-H•Cl 1.01 3.157(8) 2.19 158.8 
N-H••Cl 1.01 3.138(8) 2.18 158.7 
N-H ... Cl 1.01 3.149(8) 2.17 163.1 
Neopentylamino group 
[LNZn(Cl)]+ N-H'Cl 1.01 3.213(3) 2.23 164.4 
[L 2Zn(Cl)] N-HCl 1.01 3.211(4) 2.25 159.4 
N-H-Cl 1.01 3.226(4) 2.27 157.2 
[L 3Zn(Cl)] N-HCl 1.01 3.205(3) 2.26 155.1 
N-H-'Cl 1.01 3.187(3) 2.23 156.1 
N-H-Cl 1.01 3.115(3) 2.12 167.1 
Pivaloylamido group 
[L'Zn(Cl)] 	N-H-'Cl 	1.01 	3.213(4) 	2.22 	167.7 
a  Extended distance: F. H. Allen, 0. Kennard, D. G. Watson, L. Brammer and A. 
Guy Orpen, I Chem. Soc., Perkin Trans. 2, 1987, SI. b  67% Occupancy. c 
Occupancy. 
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2.3.4. Comparison with changes occurring in' the metal first 
coordination sphere 
In order to evaluate the magnitude of the effects discussed above, it is 
interesting to compare them with the effects arising from changes in the first 
coordination sphere of the metal. For instance, are the changes in the geometry of the 
complex negligible or not when compared to changes induced by the change of axial 
ligand (Cl-, NO3 ...) or one (or more) of the pyridyl nitrogens? Changes which 
involve replacing one of the N PY  donating arms of N4 tripodal tris-pyridine ligands by 
another N-donating group lead to axial Zn—Cl distances that range from 2.264 A in 
{(a-PhTPA)Zn(C1)] to 2.289 A in the mixed coordinationlorganometallic complex 
[((CpMn(CO) 2(CH2Pz))N(CH 2Py)2)Zn(Cl)] in which an anionic pyrazole unit (Pz) is 
simultaneously coordinated to the zinc(II) and manganese(I) centres.14'1 5a  
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Figure 2.4. Zn-Cl and Zn-N bond lengths in some trigonal bipyramidal 
complexes.' °"5 
Changes in the axial Zn—Cl distances are in this case accompanied by 
seemingly uncorrelated changes in the axial Zn—N distances of 2.271-2.297A. 10"46 
The average equatorial Zn—N distances are in the 2.070-2.140 A range, with the 
longer distances corresponding to the more donating and/or sterically hindered ligand 
environments (Figure 2.4). It is interesting to compare the axial Zn—N and Zn—Cl 
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distances induced by a completely different tripodal N4 ligand such as tris(2-
aminoethyl)amine (tren); Zn—N 2.325 A and Zn—Cl 2.308 A to those shown in Figure 
2.4. 17  Thus, N4 tripodal ligands induce axial Zn—Cl distances of 2.264-2.308 A, and 
ZflNax distances of 2.197-2.325 A. 
The replacement of one of the N py donating arms by an 0 or S donating one, 
leading to N 30 or N3 S tripodal ligands, results in axial Zn—Cl distances of 2.253-
2.371 A and Zn—N distances of 2.240-2.398 A, and equatorial Zn—N distances of 
2.059-2.121 A. 18 The greater variability of distances found in this case probably 
reflects the greater differences in the ligand environment, with the poorer donating 
groups inducing shorter Zn—Cl and Zn—N distances. 
It seems remarkable that the local non-coordinating N—H hydrogen bonding 
groups can induce changes in the Zn—Cl distances of comparable magnitude to those 
induced by major changes in the first coordination sphere of the zinc(II) centre. 
Moreover, it is remarkable that despite the electron donating nature of the hydrogen 
bonding groups the average equatorial Zn—N interaction is lengthened to a greater 
extent than by replacing a neutral by an anionic coordinating group. These changes 
induced by the hydrogen bonding groups may prove significant in determining the 
properties of these metal complexes. Also, from this structural analysis it appears 
that hydrogen bonding to the Zn—Cl causes a much greater influence in the trans Zn-
N distance than changes in the first coordination sphere. The 'trans influence' caused 
by the hydrogen bonding groups could, like conventional trans influence, be 
important in determining binding, properties and substitution mechanisms of metal-
bound species. 
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Finally, the nature of the hydrogen bond acceptor can be proposed as a factor 
that influences the geometry of the hydrogen bond. Recently our group reported the 
X-ray structure of the [L 2Zn(OH)] cation showing two N—H' HO—Zn hydrogen 
bonds with an average N" 0 distance of 2.73 A. The X-ray structure of [LNP 
2Zn(X)] (X = Cl, NO 3) allows us to compare the geometries of internal hydrogen 
bonds to metal-bound hydrogen bond acceptor ligands as a function of the hydrogen 
bond acceptor. It is remarkable that despite the rigidity imposed by the Zn—L 
binding, the average donor ... acceptor distances are significantly different; 2.734 A in 
[L 2Zn(OH)]+, 2.973 A [LN132Zn(0NO2)]+  and 3.219 A [LN1 2Zn(Cl)]+ . 
It seems that hydrogen bonding to a metal bound ligand can dramatically 
affect the geometry of metal complexes. Since stronger hydrogen bonds could exert a 
greater effect than weaker ones, an important aspect would now be to investigate 
which factors can influence the strength of hydrogen bonds, so as to be able to 
modulate their impact to a desired extent. 
2.3.5. Factors that influence the strength of hydrogen bonds 
It is possible that the electron density on the acceptor atom could be one of 
the most, if not the most, important factors dictating the strength of N—H" Cl—M 
hydrogen bonds. To investigate this hypothesis, we decided to change the electron 
density on the acceptor atom by means of changing the metal oxidation state. 
Therefore, we synthesized and characterized the [(L" 3)Cu(I)Cl] complex, 19 and 
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Piv compared it with its [(LT 3)Cu(ll)Cl] analogue, which was previously reported by 
Harataetal.20 	 - 







Figure 2.5. Thermal ellipsoid plot drawn with 50% probability ellipsoids of the 
[(L' 3)Cu (I) Cl] showing the triple internal N—I+ "Cl—Cu hydrogen bonding. Only 
N—H hydrogens are shown for clarity. Hydrogen bonds and weak interactions are 
highlighted with dashed lines. 
The structure of {(L 1 " 3)Cu(I)Cl] (Figure 2.5) may be best described as 
pseudo-tricoordinate arising from the interaction of the Cu(I) centre with one 
pyridine nitrogen N(2), the alkylamine nitrogen N(1) and the chloride ion Cl(1). 
There appears to be two additional weak interactions between the Cu(I) centre and 
the two other pyridine .N atoms, with Cu—N(22) = 2.425 A and Cu—N(12) 2.635 A 
outside the sum of their respective covalent radii (Table 2.8). 
7021 
Chapter 2: Effects and strength of hydrogen bonds in LMC1 complexes (L = TPA derivative, M = Zn. Cu) 
Interestingly, even though the lone pairs on the N atoms seem clearly directed toward 
the copper centre leading to a pseudo-trigonal bipyramidal structure, the Cu—N p jdine 
distance is longer than those found in pentacoordinate Cu(II) complexes of these 
ligands. In general, Cu(II)-N distances range between 1.900 A and 2.300 A. Our 
findings reflect the weaker interaction between the pyridine rings and the Cu(I) 
centre as compared to Cu(II). This difference cannot be explained by the change of 
ionic radii alone, since Cu(II) is only 4 pm smaller than Cu(I). The degree of 
trigonality was evaluated by means of the angular structural parameter r = (8 - a) / 
60. In the case of the [(L'" 3)Cu(I)Cl], we found that 'r = 0.85. 





Cu—Cl 2.2244(6) 2.206(2) 
Cu—N(l) 2.135(2) 1.955(5) 
Cu—N(2) 2.192(2) 2.148(5) 
Cu—N(12) 2.6354(21) 2.137(5) 
Cu—N(22) 2.4247(20) 2.314(6) 
Average Zn-Np 2.3598 2.1997 
Cl-Cu—N(1) 168.50(6) 174.88* 
Cl—Cu—N(2) 110.86(6) 101.41* 
Cl—Cu—N(12) 98.40(5) 100.96* 
Cl—Cu—N(22) 101.44(5) 97.27* 
N(l)—Cu—N(2) 79.91(8) 80.85* 
N(1)—Cu—N(12) 72.72(7) 81.33* 
N(1)—Cu—N(22) 75.98(7) 77.62* 
t 
* indicates values for which the standard deviation was not calculated. 
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As expected the three amide N atoms are involved in N—H C1—Cu hydrogen 
bonding: N(7) ... C1(1) 3.342(2), N(17) ... Cl(1) 3.418(2) and N(27) ... C1(1) 3.366(2) A. 
The structure differs significantly from that of the [(Lh3)Cu(II)Cl]+  complex (Cu-
Npyridine 2.148(5), 2.137(5) and 2.314(6) A ; CuNam ine 1.955(5) A; Cu—Cl 2.206(2) 
A; 'r = 0 . 85) . 20  It is important to note that the three N—I ... Cl—Cu hydrogen bonds in 
the [(L 3)Cu(II)Cl] complex are shorter by Ca. 0.1-0.2 A (N ... Cl separation of 
3.19, 3.15 and 3.24 A) than in [(L" 3)Cu(I)Cl], presumably due to the also shorter 
CUNpyn dine bonds. 
2.3.5.2. Computational studies 
In an attempt to correlate these experimental results with the electronic 
structure of the complexes in the Cu(I) and Cu(II) oxidation states, we performed ab 
initio MP2 calculations on both [(L 1 " 3)Cu(I)Cl] and [(L 3)Cu(II)Cl]. The 
electronic structure was evaluated in terms of the Mulliken population analysis 
(MPA) and natural population analysis (NPA) to calculate the gross atomic charges 
for the atoms. The results are shown in Table 2.9. 
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Table 2.9. MPA and NPA calculations for the central copper and coordinating 
Piv atoms in [(L 3) Cu(I) Cl] a n d [(L 3) Cu(II) Cl] '. 
Atom 	Cu(I) MPA 	Cu(I) NPA 	Cu(II) MPA 	Cu(II) NPA 
Cu 0.9277 0.9001 1.5759 1.7075 
Cl -1.0129 -0.9250 -0.7709 -0.6196 
N(ax) 0.5999 0.5998 -0.7349 0.5590 
N(eq) -0.6901 0.6658 -0.8946 -0.7691 
N(eq) -0.5600 -0.6167 -0.8004 -0.7487 
N(eq) -0.6043 -0.6372 -0.8945 -0.7675 
For the Cu(I) complex, both methods agree that there is an approximately 
equal positive and negative charge on the Cu and Cl, respectively. For the Cu(II) 
complex, both methods agree that there is a large positive charge on the Cu, and a 
reduced negative charge on the Cl, when compared to the Cu(I) complex. We used 
NMR and IR spectroscopy to investigate if the electron density of the metal-bound 
ligand acting as hydrogen bond acceptor is the major factor in determining the 
strength of the hydrogen bonds formed. 
2.3.5.3. Infra -red studies 
Trifra-red spectroscopy can be used to study the strength of hydrogen bonds. 
Since the interaction of a hydrogen atom with an acceptor weakens the D—H bond, its 
stretching frequency decreases. The strength of the hydrogen bond can be 
approximately quantified, by using logansen's equation: 2 ' 
-AH= 1.3(iv)112 	 (Eq. 2.1) 
The IR spectra of [(L'" 2 '3)Cu(I)Cl] and [(L'" 2 '3)Cu(ll)Cl] complexes in 
acetonitrile show the N—H stretching vibrations, 1H,  shifted to lower energy values 
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than in the corresponding ligand. The shifts, 	are shown in Table 2.10, as well 
as the strength of the N—H ... Cl—Cu hydrogen bonding, approximately quantified from 
the positions of —H  using logansen's equation (Eq. 2.1). The magnitude of the shifts 
observed are bigger for the Cu(I) complexes and for the complexes with less H-bond 
donors, which indicates that the N—H Cl—Cu hydrogen bond is stronger in the lower 
oxidation state, and when the Cl hydrogen bond acceptor is shared by less N—H 
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Figure 2.6. Partial JR spectra in acetonitrile solution showing V(N_H) of 
[(LK ü(iJ (top: red), [(L'')Cu(II)Cl] (top: black), [(L' 2)Cu(I)Cl] (middle: 
\ 	
ljr 
re(i, :tv2)Cu(IJ)Cl]+ (middle: black), [(L' 3)Cu(J)Cl] (bottom: red) and 
[(L' 3)Cu(JI)ClJ (bottom: black). 
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Table 2.10. Selected N-H vibration frequencies in the [L'"Cu(I)Cl] and [L'" 
' 7Cu(II)Cl] complexes. 
V(N_H) (cm) Av (cni') H-bond energy (kJ.mo1' 
L''' 	 3439 
[(L'')Cu(I)Cl] 	3237 	202 	18.5 
[(L'"' )Cu(II)Cl] 3276 163 16.6 
LPIV2 	 3440 
[(L" 2)Cu(I)C1] 	3244 	196 	18.2 
[(L'" 2)Cu(II)Cl] 3298 142 15.5 
LPIV3 	 3442 
[(L" 3)Cu(I)C1] 	3267 	175 	17.2 
[(L" 3)Cu(II)Clf 3310 132 14.9 
Another parameter which can be investigated in this way is the nature of the 
hydrogen bond acceptor. Different hydrogen bond acceptors have different electron 
density, and therefore a different ability to interact with hydrogen atoms in their 
vicinity. 
IR spectroscopy was used to examine the strength of the hydrogen bonds due 
to the N—H groups in the [L 2Zn(OH)], [L 2Zn(ONO2)] and [LM' 2Zn(Cl)] 
cations mentioned earlier on. They are characteriied by H of 3256, 3361 and 3305 
cm 1 , respectively, compared to 3411 cm' in the 'free' LNP2  ligand. Thus, as 
suggested by the X-ray crystallographic data the strength of N—H•'X—Zn hydrogen 
bonds is strongly dependent on the nature of the hydrogen bond acceptor, and the 
strength order is OW > Cr > NO3. This result is in accord with recent studies, 
which regard metal-bound chlorides as excellent hydrogen bond acceptors. 22 An 
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interesting feature of this fmding is that the strength of the interaction is much 
stronger in N—H ... Cl--Zn than in N—H ... 0NO2—Zn (13.4 kJ.moI' and 9.2 kJ.moF' 
respectively), despite the Zn ... Cl distance (3.219 A) being longer than the Zn•'ONO2 
distance (2.973 A). 
2.3.5.4. NMR studies 
We also used 'H NMR spectroscopy to investigate if the oxidation state of the 
metal, and consequently the electron density on the chloride anion modulates the 
strength of the hydrogen bonds in the [(L'")CuC1] °' complexes. 'H NMR studies 
(Figure 2.7) of the diamagnetic [(L'')Cu(I)Cl] complexes in acetonitrile reveal the 
characteristic downfield shift of the proton resonance of the hydrogen atom adjacent 
to the pivaloylamido group (H(5)) and the N—H, which is indicative of an orientation 
of the amide group suitable for C—H(5)" 0C and N—HC1—Cu hydrogen bonding. 
The position of the N—H resonance can be used to qualitatively evaluate the strength 
of N—H Cl—Cu hydrogen bonding. The downfield shift of the N—H resonance 
relative to the free ligand follows the order L P'v-1 > L' 2 > LPIV.3 indicating the 
strength of the N—H ... Cl—Cu hydrogen bonding interaction follows the same order. 
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Figure 2.7. Selected region (NH and H5 proton resonances) of the 'HNMR 
spectrum (360.1 MHz, CD 3CN, 293K) of[(L'')Cu'Cl] (a), [(L 2)Cu'C1] (b) and 
[('L')Cu'Cl] (c), before (black spectra) and after exposure to air (red spectra). * 
indicates the position of the NH proton resonance. 
On exposure to air additional peaks consistent with the oxidation product(s) 
appear over time. The rate of oxidation follows the order L' > LPIV 2  >> LP1V3, in 
excellent agreement with the increased steric hindrance and reduction potential 
(Chapter 3) of the copper centre in the same order. Surprisingly, the N—H resonances 
of the Cu(II) products are shifted upfield relative to that of the Cu(I) complexes. This 
is surprising because by inductive effects the N—H groups should be more acidic i.e. 
better hydrogen bond donors when the pyridine is bound to the Cu(II) centre. 
Moreover, copper ligand distances are generally shorter in the Cu(II) than Cu(I) 
oxidation state, which should bring the N—H and Cl hydrogen bonding groups in 
closer proximity in the former oxidation state. Clearly, the N—HCl—Cu hydrogen 
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bonds are stronger in the Cu(I) than in the Cu(II) complexes because the Cl is more 
electron rich and therefore a better hydrogen bond acceptor in the former case. 
Interestingly, the N—H resonances are progressively shifted upfield on going from 
LPIVI (810.41 ppm) to 0V3  (69.88 ppm), which suggests that the hydrogen bonding 
is weakened as the Cu—Cl hydrogen bond acceptor is shared between the N—H 
hydrogen bond donors. These results suggest that the electron density on a metal-
bound substrate is a major factor determining the strength of internal hydrogen 
bonding to it. Thus, the agreement between the NMR and IR studies is excellent. 
Finally, the spectrum of the [(L' 3)Cu(I)Cl] complex showed no noticeable change 
upon exposure to air. This indicates a remarkable stability, which allowed the 
isolation of crystals suitable for X-Ray crystallography, as discussed previously. 
From this data it seems that even though the overall H-bond strength 
increases due to extra number of interactions, the magnitude of the effect of each H-
bond is greater the fewer the interactions. Also, hydrogen bonds are stronger in Thus, 
chemistry at hydrogen bonding cavities may be most effectively pursued with fewer 
hydrogen bond donors and a more electron donating ligand environment. 
2.4. Conclusion 
This study has examined the effect that RN—H hydrogen bonding groups (R 
H, CH2 tBu) of N(CH2Py)3n(CH2Py-6-NHR)n ligands L (n = 1-3) have on L—Zn and 
Zn—Cl distances of trigonal bipyramidal [(L)Zn(Cl)] cations. The magnitude of the 
structural changes exerted by the hydrogen bonding groups is compared with those 
arising from a range of N(CH 2Py)2(CH2Y) (Y = coordinating group) ligands. Among 
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the implications of introducing local RN—H hydrogen bonding groups is the 
shortening of the axial Zn—N, lengthening of the equatorial Zn—N and lengthening 
of the axial Zn—Cl bonds by as much as 0.16, 0.12 and 0.07 A, respectively. In 
general, the magnitude of these changes increases as the number of the hydrogen 
bonding groups increases, and these changes are comparable or greater in magnitude 
than those arising from significant changes in the zinc(II) first coordination sphere. 
This result is consistent and contributes to recent studies showing the great potential 
of ligands with hydrogen bonding groups as a way to tune chemistry at metal sites. 38 
In some cases differences between the changes induced by R = H and CH2tBu  were 
noted, which could lead to different chemistry. This structural study also provides the 
first comparison of geometries of internal N—HX—Zn hydrogen bonds (X = Cl, 
OW, NO3 ) as a function of the hydrogen bond acceptor X. Despite the rigidity 
imposed by the Zn—L binding, the average X distances are significantly different 
as X is varied, and they follow the order OW <NO 3 <CV. The strength of the N- 
 ... X—Zn hydrogen bonds (X = Cr, OW, NO 3 ), however, follows the order OW> 
Cr > NO, which suggests that metal-bound chloride ions are better hydrogen bond 
acceptors than metal-bound nitrate ions. 
We have estimated the N—H Cl hydrogen bond energy in the [L'CuCl] 
complexes, and noticed that the individual contribution of each hydrogen bond 
introduced, to the destabilization of the Cu(II) system decreases when more 
numerous hydrogen bonds are present. 
Importantly, NMR and infra-red studies reveal that the strength of the 
hydrogen bond depends on the oxidation state of the metal, and we propose that this 
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is due to a higher electron density on the chloride anion, as corroborated by ab initio 
MP2 calculations. 
This study should facilitate the design of new models for modeling the active-
site of redox-active metalloproteins. 
2.5. Experimental section 
2.5.1. Materials and Methods 
Reagents were obtained from commercial sources and used as received unless 
otherwise noted. Solvents were dried and purified under N 2 by using standard 
methods23 and were distilled immediately before use. All compounds were prepared 
under N2 unless otherwise mentioned. The synthesis of TPA, Lm3,  and Lh  were 
adapted from the literature and their purity checked by both 'H NMR spectroscopy 
- and mass spectrometry. The NIMR spectra were obtained using a Bruker DPX 360 at 
20 °C in CD 3CN unless otherwise noted. 'H chemical shifts are referenced with 
respect to the residual proton (5H 1.94 ppm) solvent peak. 13C and 'H chemical shifts 
are referenced with respect to the carbon (ôc 1.32 and 118.26 ppm) and residual 
proton (oH 1.94 ppm) solvent peaks. Mass spectra were performed on a Micromass 
Platform II system operating in Flow Injection Analysis mode with the electrospray 
method. Infrared spectra were recorded with a JASCO FTIR-410 spectrometer 
between 4000 and 250 cm' as KBr pellets or as acetonitrile solutions in KBr cells. 
The strength of N-W Cl-Zn hydrogen bonding was estimated using solution FTIR 
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studies applying logansen's equation. 21 Intensity data for of {(LAm .3)Zfl(Cl)](BPh4) 
and [(L13)Cu(Cl)] were collected at 150 K using a Bruker-AXS SMART APEX 
area detector diffractometer with graphite-monochromated Mo-Ka radiation (A = 
0.71073 A). The structures were solved by direct methods and refined to 
convergence against 172 data using the SHELXTL suite of programs. 24 Data were 
corrected for absorption applying empirical methods using the program SADABS, 25 
and the structures were checked for higher symmetry using the program PLATON. 26 
All non-hydrogen atoms were refined anisotropically unless otherwise noted. 
Hydrogen atoms were placed in idealised positions and refined using a riding model 
with fixed isotropic displacement parameters. The N-H hydrogens were located in 
the difference map and refined isotropically. All calculations were performed using 
the resources of the EPSRC National Service for Computational Chemistry Software 
(NSCCS) supercomputer Columbus. 27 Single-point energy calculations were 
performed for both [(L' 3)Cu(I)Cl] and [(L" 3)Cu(II)Cl] using the MP2(fc) 
method with a 6-311 G*  basis set. 28 Coordinates for [(L" 3)Cu(I)Cl] were taken from 
the crystal structure described in this work, whilst coordinates for [(L" 3)Cu(H)CI] 
were obtained from the work of Harata et al. 2° using the resources of the Cambridge 
Crystallographic Data Centre. 29 Calculations were performed to analyse the charge 
distribution in the molecules. As atomic charge is not a quantum mechanical 
observable, two different methods to partition the electron density among the atoms 
in the molecular systems were explored, namely the Mulliken Population Analysis 
(MPA) and Natural Population Analysis (NPA).30 
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2.5.2. Ligand synthesis 
N,N-Bis(2-pyridylmethyl)-N-(6-pivaloylamido-2-pyridylmethyl)amine L") 
2-(Pivaloylamido)-6-(aminomethyl)pyridine (7 g, 34 mmol) and 2-picolyl chloride 
(11 g, 68 mmol) were dissolved in acetonitrile (100 mL) and stirred at room 
temperature for 5 minutes. Then, sodium carbonate (36.4 g, 0.34 mol) was added and 
the temperature was raised to 44 °C. After 48 h the solution was cooled to room 
temperature and poured into 200 mL of 1 M NaOH (aq). The crude product was then 
extracted with dichloromethane (3 x  80 mL) and the organic fractions were dried 
over Na2 SO4. The solvent was evaporated under vacuum to yield the crude product 
as a brown oil. The crude material was recrystallised from diethyl ether (100 mL) to 
. 	yield the pure product as a dark red solid (7.6 g, 59 
Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 31 
'H NMR (CD 3CN, 360.1 MHz) 5H  (ppm) 8.47 (dd, J= 4.9, 1.9 Hz, 2H, py-H6), 8.16 
(s, 1H, NH), 7.98 (t, J= 8.2 Hz, 1H, py'-HS), 7.70 (td, J= 7.7 and 1.8 Hz, 2H, py-
H5), 7.69 (t, J= 7.8 Hz, 1H, py'-H4), 7.60 (d, J= 7.7 Hz, 2H, py-H3), 7.32 (d, J= 
7.3 Hz, 1H, py'-H3), 7.18 (ddd, J= 7.5, 4.9, 1.1 Hz, 2H, py-H5), 3.79 (s, 4H, NCH2-
py), 3.71 (s, 2H, NCH2-py'), 1.26 (s, 9H, C—(CH3)3). ESI-MS (+ion) Found 390.3, 
Calcd. 390.2. 
N,N-bis-(6-pivaloylamido-2-pyridylmethyl)-N-(2-pyridylmethyl)amine (L" 2) 
2-(Aminomethyl)pyridine (0.37 g, 3.4 mmol) and 2-(pivaloylamido)-6-
(bromomethyl)pyridine (2.0 g, 6.8 mmol) were dissolved in acetonitrile (80 mL) and 
stirred at room temperature for 5 minutes. Then, sodium carbonate (1.0 g, 9.43 
F31 
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mmol) and tetrabutylammonium bromide (10 mg, 0.03 mmol) were added and the 
temperature was raised to 44 °C. After 48 h the solution was cooled to room 
temperature and poured into 100 mL of 1M NaOH (aq) . The crude product was then 
extracted with dichioromethane (3 x 80 mL) and the organic fractions were dried 
over Na2 SO4 . The solvent was evaporated under vacuum to yield the product as a 
brown oil (2.2 g, 66%). 
Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 32 
'H NIMR (CD3 C1, 360.1 MHz) 5H  (ppm) 8.53 (m, 1H py-H6), 8.11 (d, J = 8.3 Hz, 
2H, py'-H5), 8.01 (s, 2H, NH), 7.67 (t, J = 7.9 Hz, 2H, py'-H4), 7.60 (d, J = 7.7 Hz, 
2H, py-H3), 7.57 (m, 1H, py-H4), 7.29 (d, J = 7.3 Hz, 2H, py'-H3), 7.15 (m, 1H, py-
H5), 6.88 (d, J = 7.2 Hz, 1H, py-H3), 3.87 (s, 2H, NCH2-py), 3.76 (s, 4H, NCH2-py'), 
1.33 (s, 6H, C-(CH3)3). ESI-MS (+ion) Found 488.9, Calcd. 488.3. 
N,N,N-Tris(6-pivaloylamido-2-pyridylmethyl)amine (L' 3) 
2-(pivaloylamido)-6-(bromomethyl)pyridine (7 g, 24.1 mmol) was dissolved in 100 
mL of acetonitrile and 2-(pivaloylamido)-6-aminomethyl-pyridine (2.48 g, 12.0 
mmol) was added. After 5 minutes of stirring, sodium carbonate was added (2.12 g, 
20 mmol) and the mixture brought to reflux for 48 hours. The crude product is then 
purified by chromatography on neutral alumina. The final product is then dried under 
high vacuum. 
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Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 20 
'H NMR (CD 3 CN, 360.1 MHz) 5H  (ppm) 8.18 (s, 3H, NH), 7.99 (d, J = 7.8 Hz, 3H, 
py'-H5), 7.70 (t, 3H, J = 7.9 Hz, py'-H4), 7.33 (d, J = 7.7 Hz, 3H, py'-H3), 3.74 (s, 
6H, NCH2-py'), 1.27 (s, 27H, C-(CH3)3). ESI-MS (+ion) Found 587.7, Calcd. 587.3. 
N,N,N-Tris(6-amino-2-pyridylmethyl)amine (LAm) 
LPiV3 (6 g, 10.2 mmol) was dissolved in 2M HC1( aq) ( 100 mL) and the solution was 
refluxed for 48 h. The solution was then cooled to room temperature and poured into 
1 M NaOH(aq) . The product was extracted with dichloromethane (3 x 100 mL) and the 
organic fractions were dried over Na 2 SO4 . The solvent was evaporated under vacuum 
and washed with diethyl ether to yield the product as a brown solid (2.1 g, 61%). 
Comparison of the 1 H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 4 
'H NMR (DMSO-d6, 360.1 MHz) cä,, (ppm) 7.33 (t, J = 7.5 Hz, 3H, NH, py'-H4), 
6.74 (d, J = 7.5 Hz, 3H, py'-H3), 6.28 (d, J = 8.1 Hz, 3H, py'-H5), 5.76 (s, 6H, Nil), 
3.48 (s, 6H, NCH2-py'). ESI-MS (+ion) Found 336.1, Calcd. 335.2. 
2.5.3. Metal complexes synthesis 
Apart from [LAm3ZnCl]Bph4  and [L' 3CuCl], the complexes synthesized were not 
isolated. However, the purity and identity was checked by mass spectrometry, and in 
several cases by X-ray crystallography and 'H NMR. 
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Synthesis of LLP 1 lCuC11C1 
To a stirred solution (10 mL) of CuC12 (16.8 mg, 1.25 mmol) in dry MeCN was 
added LP  (48.6 mg, 1.25 mmol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 487.3, Calcd. 487.1 
Synthesis of IL" 2CuC11CI 
To a stirred solution (10 mL) of CuC1 2 (16.8 mg, 1.25 mmol) in dry MeCN was 
added L)1\2  (61 mg, 1.25 mmol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 586.1, Calcd. 586.2. 
Synthesis of [L" 3CuC1]C1 
To a stirred solution (10 mL) of CuC1 2 (16.8 mg, 1.25 mmol) in dry MeCN was 
added LPIVJ  (73.4 mg, 1.25 mmol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 685.6, Calcd. 685.3. 
Synthesis of [L'"'CuC1J 
Inside the glove box, 	(48.6 mg, 1.25 mmol) was added to a stirred solution (10 
mL) of CuC1 (9.2 mg, 1.25 mmol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 487.3, Calcd. 487.1. 
Synthesis of [L" 2CuC1I 
Inside the glove box, LPIV2  (61 mg, 1.25 mmol) was added to a stirred solution (10 
mL) of CuC1 (9.2 mg, 1.25 mmol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 586.3, Calcd. 586.2. 
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Synthesis of IL" 3CuCI] 
Inside the glove box, LPIV3  (73.4 mg, 1.25 mmol) was added to a stirred solution (10 
mL) of CuC1(9.2 mg, 1.25 mmol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 685.3, Calcd. 685.3 
Synthesis of ILm 3ZnCI1Bph 4 
ZnC12 (20 mg, 0.146 mmol) and LAm3  (49 mg, 0.146 mmol) were mixed in dry 
acetonitnle (20 mL) and the solution was stirred for 2 h at room temperature. The 
solvent was removed under vacuum. To the crude product in methanol (3 mL) was 
added sodium tetraphenylborate (51 mg, 0.146 mmol). The resulting solution was 
: stirred at room temperature for 1 h and filtered. The precipitate was dried under 
vacuum to yield the compound as a pale grey solid (14 mg, 12%) (Found: C, 65.9; H, 
5.6; N, 12.3. Calc. for C42H41 ClN7BZn0.5H20: C, 65.99; H, 5.56; N, 12.83%). 
'H NIMR (CD 3 CN, 360.1 MHz): 8H (ppm): 7.52 (dd, J= 7.2 and 8.3 Hz, 3H, py-H), 
6.68 (br, 6H, NH2-py), 6.59 (d, J= 8.6 Hz, 3H, py-H), 6.53 (d, J= 7.2 Hz, 2H, py-
H), 3.76 (s, 6H, NCH2-py); BPh4 -7.26 (m, 8H, Ar-H2), 7.00 (t, J= 7.2 Hz, 8H, 
Ar-H3) and 6.83 (t, J= 7.2 Hz, Ar-H4). ' 3 C NMR (CD 3CN, 90.5 MHz, 298 K); 
(ppm): 162.2 and 151.7 (py-C), 141.5, 112.9 and 112.5 (py-CH), 56.2 (NCH2-py); 
BPh 164.2 (B-Cl, JB-C = 49 Hz), 136.6 (C2), 126.5 (0), 122.7 (C4). 
ESI-MS (MH+) Found 433.9, Calcd. 434.1 
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Chapter 3: 
Effect of internal H-bonding on redox properties 
of [LCuCI] complexes (L = TPA derivative) 
Chapter 3: Effect of internal H-bonding on redox properties of[LCuC1] complexes (L = TPA derivative) 
3.1. Introduction 
The effects and roles of metals and their first coordination sphere in 
regulating chemical processes in biology have been extensively studied. The study of 
copper complexes is relevant to this type of chemistry since copper is a common 
cofactor to many biological processes, especially in dioxygen-related chemistry.la 
Copper proteins that bind andlor activate dioxygen perform a variety of critical 
biological functions, which include 02 transport (hemocyaninu),  aromatic ring 
oxidations (tyrosinase,1C  catechol oxidase,ld  and quercetin 2,3dioxygenasec),  the 
biogenesis of neurotransmitters and peptide hormones (dopamine /3-
.rnonooxygenase," and peptidylglycine R-amidating monooxygenase), hydrogen 
peroxide generation (galactose and glyoxal oxidases) 11', iron homeostasis 
(ceruloplasmin and Fet3p)", and methane oxidation (particulate methanç 
monoxygenase)', among others. 
A critical issue in these diverse chemistries is the redox properties of the 
metal. Owing to the fact that the Cu(III) oxidation state is generally considered to be 
inaccessible because of the highly positive Cu(III)/Cu(II) redox potentials that result 
from ligation of strongly basic and anionic ligands, 2  the most relevant oxidation 
states for copper are Cu(I) and Cu(II). Many factors are known to influence the redox 
potentials of copper complexes. These include the flexibility or constraints imposed 
by the ligand environment, which might favour a geometry preferred by one metal 
ion oxidation state, but not the other, the types of donor atoms (i.e., 0 vs N vs S), the 
geometry of coordinated complex, the second coordination sphere, etc. 
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3.2. Geometric preferences of Cu(I) and Cu(II) ions 
Designing small-molecule models that mimic the active site of redox 
metalloenzymes is difficult since Nature uses exquisitely designed macromolecular 
engineering to achieve both remarkable levels of reactivity and substrate selectivity. 
Moreover, these active sites are able to survive many redox turnovers. Thus, their 
synthetic models may have to be able to accommodate metals in more than one 
oxidation state. Since copper is involved in many important redox metalloenzymes, it 
is important to examine the geometric preferences of Cu(I) and Cu(II) ions. 
Cu(I) has a d 1°  electronic configuration and is relatively indifferent to the 
coordination geometry. This is dominated by steric factors andlor structural 
constraints in the case of polydentate ligands. The lability and geometric flexibility 
of Cu(I) complexes allow numerous geometries. Although tetrahedral or trigonal-
pyramidal tetra-coordinate complexes are the most common ones, 3  T- or Y-shaped 
,-A+= 	..,A 	 ,1 
Ut¼JL,IUit1CLLL' aiiU i11LaI 	uL-uuIuIiIaIs- 	
I1L}JIA. 	at 	I1..LjLI¼i1L1y 	 VU. 
Pentacoordinated Cu(I) complexes are also possible and in most cases they have at 
least one Cu-ligand bond that is significantly longer than the others. 
On the other hand, complexes of the d 9  Cu(II) usually adopt a square-planar 
geometry. One or two ligands can be weakly associated in the axial position(s), thus 
leading to a 5-coordinate square-pyramidal or trigonal bipyramidal geometry, or a 6-
coordinate tetragonal (distorted octahedral) geometry. Hence, reduction of an 
unconstrained Cu(II) system is often accompanied by the rupture of at least one of 
the coordinate bonds and the twisting of the remaining bonds. 4 
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3.3. Effects of liqand sets on redox potential 
The effect of ligands on the redox potential of metal complexes can arise 
from diverse features, among which the type of binding atoms, geometrical 
constraints and electronic effects are arguably the most obvious. Those effects are 
generally intertwined, and therefore hard to dissociate; this has led to some 
controversy about the causes of some electrochemical behaviours. As early as 1968, 
Vallee and Williams proposed that the geometry of the active site in all enzymes is 
constrained by the protein matrix in such way that the energy required for the 
reorganization upon change of oxidation state is minimized, and therefore the 
• kinetics and reactivity maximized. 5 They also noted that the coordination number 
and geometry often changes when Cu(II) is reduced to Cu(I). It was suggested that 
the intermediate geometries observed in blue copper prôeins (trigonal pyramidal in 
plastocyanins or trigonal bipyramidal in azurins, as opposed to the expected 
tetragonal geometry) derived from this type of ligand environment constraints. 6 
However, more recent studies of these active sites indicated that it is the nature of the 
binding atoms and in particular of the Cu-S() covalent bond itself (Figure 3.1 in 
blue) which is responsible for these distortions. 7 ' 8 
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Figure 3.1. Schematic representation of the geometry of the copper site in both 
plastocyanin (left), and azurin (right) bearing an elongated Cu-O bond. 
In the case of copper, attempts have been made to correlate directly the redox 
potential of Cu(II)/Cu(I) systems to the type and geometry of the ligand 
environment .9a An empirical equation (Equation 3.1) has been derived from the 
systematic study of 45 copper complexes in various media, relating Cu(II)/Cu(I) 
potentials to a number of features of the complexed ligand: number of donor atoms 
of specific types (thioether sulphur, aromatic nitrogen, aliphatic nitrogen, carboxylic 
oxygen) and the morphology of the ligand (macrocyclic, tripodal, number of five-
membered vs six-membered chelate rings). The resulting empirical relationship 9 is of 
the form: 
E112= E'OfV)+  (HAEL) 	 (Eq. 3.1) 
where E°'(solv) represents the potential of the aqueous Cu(II)/Cu(I) redox couple 
(0.15 V vs SHE), AEL represents the change in the Cu(I1)/Cu(I) potential brought 
about by various ligand features (such as donor atom type, number of five-membered 
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chelate rings, etc.), and n represents the number of times that specific feature appears 
in a coordinated ligand Table 3.1). 
Table 3.1. Empirical evaluation of the change of redox potential caused by various 
donor atoms and structural features: 9 
Variable feature 	 AE (mV) 	Error (mV) 
Thioether donor + 14 ± 12 
Aromatic N-donor + 52 ± 13 
Aliphatic N-donor - 75 ± 12 
Carboxylate donor - 26 ± 23 
Macrocyclic ligand + 24 ± 44 
5-membered rings chelates - 46 ± 10 
Tripodal ligand + 29 ± 52 
This study led to the conclusion that, in addition to a linking atom donation 
effect, the geometrical constraints imposed by the ligand set are the main reason 
responsible for the changes of redox properties. Thus, the ability of the ligand set to 
accommodate the preferred coordination geometry of the two copper oxidation states 
is crucial. 
3.3.1. Salen-type coordinating ligands 
Salen-type ligands have proved useful in determining the effect of various 
parameters on the redox potential of Cu complexes. 
In an study earlier to that of Addison et al,9a Patterson and Hoim attempted to 
generate a correlation of Cu(IIJI) redox potentials to the coordination geometry 
imposed by various ligands.' ° They observed for instance that non planar bis-chelate 
complexes are reduced more easily than their planar analogues. The half wave 
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Figure 3.2. Schematic representation of a non planar bis-chelate complex 
(left, E 112 = - 1.52 V) and the corresponding planar macrocycle complex 
(right, E112 = -2.26 V).' 0 
Also, they noticed that planar tetradentate complexes showed a marked 
dependence on the nature of the donor atoms, with the potentials increasing in the 
order N4  < N202 < N2 S 2 . In these complexes, the replacement of two metal bound 
oxygen atoms by su'phur atoms produces an anodic shift of around 400 mV, This is 
in perfect agreement with the known preference of Cu(II) for nitrogen ligands than 
sulphur ones' and with the soft nature of Cu(I), which will accommodate soft 
thioether ligands more readily than Cu(II). They also showed that the introduction of 
electron-donating groups far away from the metal centre shifted the redox potential 
to more negative values (see Figure 3.3). 
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LU 
5c<TII R = CH3 , E 112 = -1.50 V R = Ph, E 112  = - 1.41 V .  R=CF3,E 112 =-1.08V 
Figure 3.3. Ligand modifications which do not affect the geometry of the complex.' ° 
Importantly, it was shown that in the systems shown in Figure 3.4, where the 








R, = Me (-0.90 V), Et (-0.86 V), 
Pr (-0.74 V) tBu  (-0.66 V) 
R2 = H (-0.69 V), Me (-0.61 V), tBu  (-0.46 V) 
Figure 3.4. Ligand modifications which induce a geometry change and the 
corresponding redoxpotentialfor their Cu" complexes in DMF against SHE.' 
The redox potential changes progressively to more positive values as the 
steric requirements of the substituent increases. This has been attributed to the fact 
that upon increase of steric bulk, the geometry around the metal centre changes from 
square planar to tetrahedral. The latter is more favourable to the Cu(I) redox state and 
hence, the redox potential shifts to more positive potentials. 
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3.3.2. Tripodal ligands 
Tripodal ligands have been widely used to investigate the Cu(II)/Cu(I) redox 
process. They can be easily modified to introduce functionality in the vicinity of the 
metal centre, to change the size of the chelate rings, to modify the 
hydrophilic/hydrophobic character of the complex etc. 
The use of functionalised tripodal ligands to form Cu complexes generally 
leads to high potentials for the Cu(II)/Cu(I) redox couple, as noticed by Addison. 9 A 
systematic study by Ambundo et al. with 12 tripodal tetradentate ligands (Figure 3.5) 
has correlated the redox potentials to the specific stability constants of the Cu(II) and 
Cu(I) complexes (Table 3.2)." 
















































Figure 3.5. Structure of tripodal ligands used in Ambundo 's study. 
These authors examined how distortions on the Cu(II) or Cu(I) complexes 
affect their redox potential. First, the introduction of pyridines instead of 
alkylthioether groups enhances the stability of the Cu(II) complexes due to the higher 
affinity of Cu(II) for unsaturated nitrogens than for thioether suiphurs. Then, 
pyridylmethyl derivatives have a greater effect than the corresponding pyridylethyl 
analogues. This indicates that complexes of Cu(II) with 5-membered rings are 
thermodynamically more stable than their 6-membered ring analogues, and therefore 
p 
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their redox potentials are less positive. Finally, the measurement of the half wave 
potential along with the determination of the stability constants of these complexes 
showed that the effects on the half-wave potential were essentially due to the 
destabilization of the Cu(II) complex, since the stability constants of the Cu(I) 
complexes remains virtually unchanged (Table 3.2). 
Table 3.2. Redox potentials (vs SHE) of the Cu(II)/ Cu(I) redox couple of the 
LCu(II) complexes of the tripodal ligands shown in Figure 3.5. 
Complex of the ligand E 112 (V vs SHE) 	Log Kc(jJ)L 	Log Kc(I)L 
TMMEA 0.69 6.29 15.80 
TEMEA 0.67 6.35 15.53 
PMMEA 0.38 11.06 15.36 
PMAS 0.40 10.48 15.00 
PEMEA 0.60 7.89 15.76 
PEAS 0.61 7.87 15.94 
BPMMEA 0.06 16.10 14.95 
BPMEEA 0.08 15.82 14.99 
BPEMEA 0.46 9.10 14.63 
BPEEEA 0.47 9.20 14.97 
TPA -0.15 17.59 12.90 
TPEA 0.51 9.35 15.80 
This is clearly shown by the conelation plot of the half wave potential of 35 
copper complexes as a function of the logarithmic values of the Cu(IJ) species 
stability constant (Figure 3.6). It should be noted that the straight line shown in 
Figure 3.6 spans over 1.5 V, and that the stability constants differ by as much as 26 
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Figure 3.6. Plot of the formal potentials for 35 Cu(II)/Cu(I)L redox couples as a 
function of the logarithmic values of the Cu(II)L stability constants. 11 
Nagao and co-workers have investigated the effect that the structure of Cu(II) 
complexes of methylated derivatives of the tetradentate tripodal ligand tris(2-
pyridylmethyl)amine (TPA) has on their electrochemical behaviour.' 2 The half wave 
potential is systematically shifted to more positive values when one (Me 1 TPA), two 
(Me2TPA) and three (Me 3TPA) methyl groups are introduced in the pyridine ring 6-
positions. This has been interpreted in terms of structural changes in the metal 
complex, as measured by the structural index parameter t introduced by Addison.' 3 
Thus, the geometry changes from almost perfect trigonal bipyramidal ([TPACuC1], 
= 0.97) to distorted square pyramidal in [Me 1 TPACuC1]+, (t = 0.20), to almost 
perfect square pyramidal in [Me 2TPACuCl], (t = 0.07), and to intermediate between 
both in [Me3TPACuC1] + ( t = 0.43). These structural changes (see Figure 3.7) are 
accompanied by the lengthening of the Cu-N bonds and angle deformations. It is 
interesting that the redox potential of the related [Me,3TPACu(H20)]
2+  /[Me, 
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3TPACu(H20)1 complexes shifts to less negative values with increasing Me 
substitution, approximately 10-20 mV per substitution. 
Cl CIN 





Figure 3.7. Geometry change caused by methyl substitution of the pyridine rings. 
The TPA ligand has also been used by other groups to investigate the 
influence of electronic and steric effects on the redox behaviour of copper 
complexes. Successive replacement of the pyridyl by quinolyl groups leads to a 
dramatic change in the structure of the complexes, which gradually goes from almost 
perfect trigonal bipyramidal (t = 0.97) to almost perfect square pyramidal (t = 0.06), 
with the chloride anion moving from an axial to an equatorial position (Figure 3.8). 
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Figure 3.8. Change of metal geometry upon change of coordination. 
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The half wave potential increases with the number of quinolyl groups, mainly 
when one and two groups are incorporated.' 4  This trend can be explained in terms of 
an electronic effect, since the quinolyl group is less electron-donating than the 
pyridyl group, which makes the metal centre more difficult to oxidise. The 
hydrophobic character of the quinolyl derivatives may also account for this 
observation, since these groups increase the non-polar character of the metal 
microenvironment, and hence decrease the local dielectric constant. The same trend 
is observed in the corresponding series of [LCu(I)] complexes, however at lower 
potentials due to the absence of the strong electron-withdrawing chloride anion. 
In the same way as in the study of Nagao and co-workers,' 3 other 
functionalities have been introduced in the pyndine 6-position, and exerted an effect 
on both the structure and redox behaviour of the corresponding copper complexes. 
He et al. introduced one, two and three hydroxymethyl groups in this position.' 5 
They synthesized the corresponding series of [LCu(II)X] complexes (X = Cl, Br) 
and noted that the redox potential was shifted to higher values (> 100 mV) with each 
substitution. An interesting feature of these complexes is that although mono- and 
bis-substituted ligands form almost perfect square pyramidal structures upon 
complexation with the metal (t = 0.14 and 0.03 respectively), the tn-substituted ones 
yield a distorted octahedral structure, with one hydroxyl oxygen coordinated to the 




X= Br, Cl 
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/ 19Cu 
Ni 
X= Br, Cl 
Figure 3.9. Schematic representation of the bis-hydroxylated square pyramidal - 
complex (left) and the tris-hydroxylated distorted octahedral complex (right). 
Another remarkable feature of the tris-hydroxylated complex is the unusual 
elongation of the Cu-N 2 and Cu-N 3 distances, 2.322 and 2.782 A, respectively. When 
only two hydroxo groups are present and the complex is arranged in a square 
pyramidal manner, these distances are only 1.999 and 2.472 A. 
Chuang et al. used the relation between electronic interaction and redox 
potential to design electrochemical sensors. 16 They synthesized metal complexes in 
which the ligand is capable of binding to a guest molecule, more precisely 
ammonium salts and alkali metals. Two types of these compounds were synthesized 
(Figure 3.10). Upon binding of the guest cation, the half wave potential was slightly 
shifted (the maximum shift observed was 14 mV) by the combination of steric and 
electronic interaction. 
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Figure 3.10. TPA -based host-guest electrochemical sensors for G = alkali metal 
ions. 
They also compared the half wave potential measured for the various 
halogenated [LCu]' complexes, and concluded that contrary to what would have 
been expected if inductive effects had dominated steric effects, the potential was 
shifted to more positive values when bromide was incorporated instead of chloride 
anions. Finally, they noticed that with phenyl-TPA, which cannot bind guest 
molecules, the half wave potential increased according to the same trend, but to a 
lesser extent.' 7 
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3.4. Microenvironment and hydrogen bonding 
The microenvironment around a metal centre has also been shown to be 
responsible for changes in the redox potential of the metal. Solvent molecules andlor 
charged and polar residues in the vicinity of the metal centre can change the 
dielectric constant of the medium, and therefore affect the stability of the reduced or 
oxidised form of the metal. This is shown by equation 3.2, where IE is the ionization 
energy, 4.5 is the constant to convert from vacuum to the normal hydrogen electrode 
and U is a solvation term, which accounts for the reorganization and stabilization of 
the metal centre upon the change of oxidation. 18 
E°(eV) = IE - 4.5 + U 	(Eq. 3.2) 
The IF can be divided in four different components: 
• The energy of the redox active molecular orbitals, which is strongly 
dependant on the ligand field. For instance, this energy is increased when 
anti-bonding interactions with the ligand occur. 
• The effective nuclear charge of the metal centre, which depends on the donor 
ability of the ligands. The more donor ligands present, the easier it is to 
oxidise the metal centre. 
• The geometric relaxation, which occurs after the change of oxidation state. It 
decreases E° upon oxidation of the metal centre. 
• Finally electronic relaxation, which tends to limit the geometric relaxation 
and influences the redox potential in the same way. 19 
It is known, however, that the microenvironment of the metal can also influence 
its properties through non-covalent interactions such as hydrogen bonding. The 
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precise roles and magnitude of the effects associated with the second coordination 
sphere, however, are not well understood. Hydrogen bonds not only regulate 
dioxygen binding20  or stabilize catalytically active species, 2122  they are also closely 
related to functionality and redox behaviour. Hydrogen bonds have been shown to 
affect the redox couple of metalloproteins. The presence of internal N-W S 
hydrogen bonds in the active site of enzymes and their models, proved by 
crystallographic or ,  spectroscopic means, leads to changes in Fe-S bonds lengths and 
higher Fe(III)/Fe(II) reduction potentials than those of the corresponding complexes 
without hydrogen bonds. 23  In synthetic iron-porphyrine complexes, it has been 
proposed that the stabilization of the reduced metal complex is due to the fact that 
hydrogen bonds decrease the electron density on the thiolate sulfur and therefore 
lower its electron-donating ability. The Fe-S bond length is affected in the opposite 
direction by alkanethiolate and arenethiolate ligation. This was proposed to be due to 
the position of the HOMO in the metal complex. In the case of a weak electron 
donor, the HOMO sits on the porphyrin ring, while with very basic ligands, the 
HOMO is located on the metal centre. The involvement of an anti-bonding metal-S 
interaction leads to shortened Fe-S distances as internal N-H S hydrogen bonding 
are introduced. 23  For instance, the presence of a NHO.  S hydrogen bond (N S 
3.423 A) caused the shortening of the Fe-S bond in the heme-arenethiolate complex 
by 0.02 A.24 
Additional evidence for the influence of hydrogen bonds on the redox properties 
of metalloenzymes has been provided by Yikilmaz et al. who modified the hydrogen-
bond network of iron superoxide dismutase (FeSOD) by mutation of a residue (Glu 
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instead of Gin, Figure 3.11). Without these hydrogen bonding interactions, the redox 



















Figure 3.11. Modflcation of the hydrogen bonding donor Gin 69 by the isosteric and 
isoelectronic Glu in N3-FeSOD. 
Also, Suzuki et al. showed that introducing a hydrogen bonding functionality 
in the alkanethiolate moiety leads to changes in the redox potential of the 
Fe(III)/Fe(II) couple (Table 3.3, Figure 3 . 12) . 23 
Table 3.3. Redox potentials (vs SCE) of some iron-porphyrin complexes. 
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I ,1 
Figure 3.12. Structure of complexes 1-3. 
These complexes were designed so they all have the same steric and 
electronic properties, but only complex 1 will have an internal hydrogen bond. As 
can be seen from Table 3.3, complex 1 exhibits a significant shift in the half wave 
potential. These complexes were used as models for cytochrome P450cam where 
similar hydrogen bonding interactions occur. 23 
The presence of hydrogen bonds in the vicinity of a metal has been shown to 
play a role in the redox properties of blue copper metalloproteins (Figure 3.13). 
Asn 47 	Gly 45 




Cysll2 IV NH  Met 121 
His 117 
Figure 3.13. Schematic representation of the active site of azurin, showing the 
hydrogen bond between Asn 47 and Cys 112.26 
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One of the effects exerted by hydrogen bonds in this case is to decrease the 
covalency of Cu-S bonds. 24 This leads to a structure closer to a trigonal structure 
which is more favourable for a Cu(I) centre, and therefore destabilizes the oxidised 
form of the metalloprotein. A computational study by Dey et al. showed that there is 
a correlation between the change of redox potential and the covalency of M-S 
bonds. 27 As more hydrogen bonds are introduced the degree of covalency decreases 
and the redox potential increases. Moreover, they estimated that the introduction of 
the hydrogen bonding groups shown in Figure 3.14 induces an anodic shift of the 
Fe(III)/Fe(II) redox couple by 260 mV (1 hydrogen bonding group) and 330 mV (2 
hydrogen bonding groups). 
=N ,  
F3Cy N\TJNCF3 
Figure 3.14. Schematic representation of Dey 's complex with two hydrogen bonding 
groups. 
Disruption of hydrogen bonds in the vicinity of the metal in blue copper 
proteins has also been shown to affect the protein fold. 283° The structural changes 
induced favour one oxidation state better than the other, thus leading to changes in 
redox potential. Another study showing the implication of hydrogen bonds in the 
redox properties of metal complexes has been recently provided by Glaser et al., who 
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synthesized two metal complexes of geometrically constrained salen-type ligands, 
where one of them contains two hydroxyl groups capable of hydrogen bonding to the 
oxygens bound to the metal centre (Figure 3.15).' 
Figure 3.15. Structure of Glaser 'S salen-type system. 
Electrochemical studies showed that the presence of the hydrogen bonding 
groups induced in this case a positive shift of the half wave potential of 270 mV 
without any noticeable change of geometry. 
Finally, Masuda et al. introduced 1, 2 and 3 amino groups into the pyridine 
6t1 position of TPA-based Cu(II)N3 complexes, and observed a positive shift in the 
half-wave potential of + 20 mV and + 100 mV relative to the TPA complex when 2 
and 3 functionalities are introduced, respectively. With one amino group the redox 
potential was 20 mV more negative. The presence of hydrogen bonds between the 
amino groups and the Cu-bound azide was noticed, but the progressive change of 
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geometry from trigonal bipyramidal (TPA complex, 'r = 0.92) to intermediate (3 
amino groups, t = 0.48) was claimed to be the main reason for the observed changes 
of redox potential. 32 
Overall, many factors contribute to the redox behaviour of copper complexes. 
In this chapter, the aim is set on obtaining a better understanding of the roles of the 
- secondary coordination sphere, in particular hydrogen bonds, of Cu(II) complexes on 
their redox behaviour. The hydrogen bonds involve NH 2 (Am), NHCO tBu (Piv) and 
NHCH2 tBu (Np) groups. In all cases hydrogen bonding was only achieved to the 
metal-bound atom. As in chapter 2, the tripodal poly(2-pyridylmethyl)amine ligand 
(TPA, Figure 3.16) was chosen as the basic framework. 
1R  R= H;TPA R = (H)3 ..111  (NHCOtBu)n; 
R = (H)3 ..11 , (NHCH2 tBu) 11 ; LNP 
R = (H)3.., (NH2); LAm.n 
Figure 3.16. Schematic representation of the TPA -based ligands used. 
Another ligand of the N30 type has also been used. In this ligand one of the 
pyridine rings was replaced by a carboxylate function (Figure 3.17). The pyridine 6-
position was be functionalised with zero (N,N-Bis(2-pyridylmethyl)glycine, BPG), 
one (N-(6-amino-2-pyridi lmethyl)-N-(2-pyridylmethyl)glycine, APPG) and two 
amino groups (N, N-Bis(6-amino-2-pyridylmethyl)glycine, BAPG). 
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N HO 
	
RR' =H; BPG 
R = H, R' = NH2 ; APPG 
RR' = NH2 ; BAPG 
Figure 3.17. Schematic representation of the bis-pyridine-based ligands. 
3.5. Results and discussion 
3.5.1. Ligand synthesis 
The synthesis of Lm3  and L'" 3 were described in Chapter 2. The other ligands 
LAm 2  and LNPI3  were synthesized according to literature procedures, 3639 which are 
represented in Scheme 3.1. 
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Scheme 3.1. Reagents and conditions used for the synthesis ofL""'" and L"" 
The synthesis of L t" can be accomplished in one step (Scheme 3.1) starting 
from the corresponding tripodal ligand L"'. The 6-pivaloylamido-2-
pyridylmethylamine fragment is reduced at low temperature by LiA1H 4 to generate 
the ligands. After quenching the reaction, filtration and extraction with 
dichloromethane, the crude product was purified by flash chromatography in neutral 
alumina using methanol:dichloromethane (2:98, v:v) as eluent. 
The synthesis of LAmh1  was accomplished by cleaving of the amide function 
in acidic aquous solutions under reflux. After basification of the resulting solution, 
the ligand can be extracted by dichloromethane. 
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The synthesis of BAPG was accomplished according to scheme 3.2. 
	




30 	N 	 I;- ~N 
 ~NH 0 HN 	 H 2N HO 	NH2 HN 
Scheme 3.2. Reagents and conditions used for the synthesis of BAPG. 
The first step of this reaction is the coupling of one equivalent of 2-  
(pivaloylamido)-6 -(bromomethyl)pyridine with one equivalent of protected glycine 
in DMF, in the presence of excess of sodium carbonate. Then, after filtration the 
crude product is directly deprotected by refluxing the solution under acidic 
conditions. The final product is then dried under high vacuum. 
The synthesis of APPG was accomplished according to scheme 3.3. 








Scheme 3.3. Reagents and conditions used for the synthesis of APPG. 
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The first step of this reaction is the coupling of one equivalent of 2- 
(pivaloylamido)-6-(bromomethyl)pyridine with 	one equivalent 	of 2- 
aminomethylpyridine. The crude product is then purified by chromatography on 
neutral alumina, and then reacted with protected glycine in DMF, with a large excess 
of sodium carbonate. Finally, the crude is directly deprotected in acidic conditions 
under reflux. The final product is then dried under high vacuum. 
The synthesis of BPG was accomplished according to scheme 34•40 
NZ 
DMF 
H 	 10 :~~ Ul- 	04-0 




Scheme 3.4. Reagents and conditions used for the synthesis of BPG. 
The reaction occurs via direct coupling of the bis-pyridine with the protected 
glycine in DMF, with the presence of excess sodium carbonate. The glycine is then 
deprotected in acidic media under reflux, and the final product is then dried under 
high vacuum. 
The synthesis of another series of TPA derivatives bearing one, two and three 
benzoylamino functionalities in the pyridine 6-position has also been attempted but 
was only partially successful. The aim was to extend the studies to more acidic NT-I 
hydrogen bonding groups, which may serve as functional groups for intramolecular 
proton transfer events to metal bound oxygenic ligands. A way of introducing more 
acidic NH groups is to replace the tert-butyl groups by phenyl rings, which was 
attempted by the direct coupling of the amino derivative with benzoylchloride BzCl 
(Scheme 3.5). 
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Scheme 3.5. Attempted synthesis of benzoylamino derivatives of TPA. 
It was found that substitution of one of the amino hydrogen by a phenyl ring 
renders the remaining hydrogen so acidic that it is replaced by another phenyl ring, 
despite the steric hindrance of the phenyl group. This was demonstrated by mass 
spectroscopy with the appearance of two signals at mlz = 432.1 and 536.1, 
corresponding to the first and second substitution on the amino nitrogen, respectively 
(Figure 3.18). 
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Figure 3.18. Mass spectrum of the reaction products of 
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'H NMR spectroscopy also shows different sets of CH 2 signals, with the 
intensity 8:3, consistent with the formation of mono- and bis-substituted products 
(Figure 3.19). 




40.41 	 7.71 
Figure 3.19. Selected region (Cl-I2 proton resonances) of the 'HNMR spectrum (350 
MHz, CD 3 0D, 293K) for the reaction products of L' with BzC1. 
Purification could not be achieved by usual means, i.e. extractions, flash 
chromatography or crystallizations. It should be noted that this type of bis 
substitution has also been observed by Matsuda and co-workers (Scheme 33 
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Scheme 3.6. Different substitution at the NH2 amino groups for 
LAm2 found by 
Matsuda et al.33  
Attempts were made to force the mono substitution on the nitrogen by using 
different conditions (lower number of equivalents of benzoyl chloride, presence or 
absence of base) but they all failed. We then tried to cleave one of the amide bonds, 
using zinc nitrate as a complexing agent The reaction is immediate, and the NMR 
shows only two CH2 signal at 4.40 and 4.21 ppm, respectively, with intensity 2:1. 
These signals are shifted downfield, which is indicative of complexation of the 
ligand to the zinc centre. The mass spectrum shows a major peak at mlz = 472.2, 
corresponding to the TPANHCOPh-Zn complex. Removal of the Zn centre is then 
achieved by addition of cyanide and extraction in basic medium; the ligand remains 
in the organic layer which is then dried to yield the pure TPANHCOPh. 
It was not possible to isolate the ligands TPA(NHCOPh)2 and 
TPA(N}{COPh)3, even by addition of Zn(II) to promote amide cleavage of the bis- 
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subtituted nitrogen. In both cases, 'H NMR spectroscopy and/or mass spectrometry 
indicate the presence a mixture of compounds (Figure 3.20 and 3.21). 
p 
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Figure 3.20. Mass spectrum for the reaction products of L' with BzG1. 
For the reaction products of LAm3  with BzC1, only NMR reveals the presence 
of a mixture. The mass spectrum shows only the expected peak at m/z = 648, but it 
can be accounted for by different compounds (Figure 3.21). 
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Figure 3.21. Mass spectrum for the reaction products of jm3  with BzC1. 
3.5.2. TPA-based Cu(ll) complexes: electrochemical studies 
First, it is interesting to examine how the nature of the hydrogen bonding 
groups incorporated into the TPA framework affects the redox behaviour of the 
copper centre. 
Preparation of [LCu(II)C1] complexes was carried out in situ by reaction of 
the appropriate tripodal ligand L with equimolar amounts of CuC1 2 in dry 
acetonitrile. The cyclic voltammograms were carried out in acetonitrile in the 
presence of O.1M tetrabutylammonium tetrafluoroborate (TBABF 4) as supporting 
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electrolyte, at room temperature. All the compounds produced a single quasi-
reversible one-electron wave, where the difference between the anodic and cathodic 
waves of the Cu(II)/Cu(I) redox couple ranges between 0.07 and 0.1 V. 
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Figure 3.22. Cyclic voltammograms (against AgC11Ag, scan rate 0.1 Vs') in 
acetonitrile solution containing 0.1 M TBABF4 of[(TPA)Cu II  Cl]+  (green), 
[(LAm. 3)Cz/Cl]+ (black),  [(LN3)CullC1]+  (red) and [(L' 3) Cu"Cl] (blue). 
The half wave potential for the Cu(II)/Cu(I) redox couple of complexes with 
three hydrogen bonding groups is more positive than that of [(TPA)CuCl]. This 
means that the reduced form of the metal complexes is stabilized with the 
introduction of hydrogen bonding groups (Figure 3.22 and Table 3.4). However, the 
change depends on the nature of the hydrogen bond donor. This difference is 
substantial, as shown by the separation between the voltammograms (Figure 3.22). It 
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is. interesting that the redox potential of the complexes is more positive whether the 
hydrogen bonding group is electron withdrawing or electron donating. This suggests 
that changes are not due to electronic effects alone. Electronic effects would predict 
for the electron donating amino and neopentylamino groups a more electron rich 
metal, and therefore a shift in its redox potential to more negative values. The shifts 
induced by the neopentylamino groups are greater than those induced by the amino 
groups (Figure 3.22, Table 3.4). This indicates that steric effects also play a role. In 
chapter 2 we show that the introduction of bulky groups around the metal centre 
increases the Cu-N distances, and this presumably makes the copper centre less 
electron rich. Among the three hydrogen bond donors used, the biggest shifts to more 
positive redox potentials are induced by the pivaloylamido groups. In this case 
electronic and steric. effects cooperate. Thus, the pivaloylamido groups are electron-
withdrawing and bulky. The difference between the changes induced by the 
neopentylamino groups and pivaloylamido groups could be due not only to electronic 
effects but also hydrogen bond effects (vide infra). 
In all cases the metal centre becomes harder to reduce as the number of 
hydrogen bonding groups increases (Figures 3.23-3.25 and Table 3.4). 
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Figure 3.23. Cyclic voltammograms (against AgC11Ag, scan rate 0.1. Vs') in 
acetonitrile solution containing 0.1 M TBABF 4 of[(TPA)Cu"Cl] (brown), 
[(LAml)C UhJCl]+ (green), [(LAm2)CdIcl]+  (blue) and [(LAm3)  Cu"Cl] (cyan). 
EIV 
Figure 3.24. Cyclic voltammograms (againstAgCl/Ag, scan rate 0.1. Vs') in 
acetonitrile solution containing 0.1 M TBABF 4 of[(TPA)Cu"Cl] (green), 
[(L")Cu"Cl] (blue), [(L 2)Cu"Cl]+  (brown) and 
[NP-3)  Cz/'Cl] (cyan). 
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Figure 3.25. Cyclic voltammograms (against AgCl/Ag, scan rate 0.1. Vs') in 
acetonitrile solution containing 0.1 M TBABF 4 of[(TPA)Cu"Cl] (blue), 
[(L')Cu"Cl] (green), [(1I"2)Cu"ClJ (red) and [(L' 3) Cu"Cl] (black). 
The replacement of the tert-butyl group of the pivaloylamido ligand by a 
phenyl ring makes the amide function even more electron withdrawing. It should be 
noted, however, that of the series only the TPA-(NHCOPh) ligand has been obtained 
as a pure compound. The cyclic voltammogram of the copper complex of this ligand 
is compared with that of TPA in Figure 3.26. 
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Figure 3.26. Cyclic voltammograms (against AgC1/Ag, scan rate 0.1. Vs') in 
acetonitrile solution containing 0.1 M TBABF 4 of[(TPA)CzrII  Cl]+  (cyan) and 
[TPA (NHCOPh)Cu"Cl] (green). 
Table 3.4. Corrected values of the half wave potential for /LCu"Glj complexes 
against Fc/Fc (E112 for the 1(TPA,)Cu"Glf/[(TPA,.)Cu'Glj couple is -0.77 against 
Fc /Fc, E112 for the Fc /Fc couple is 0.5 Vvs Ag/A gd). 
Nature of the IT-bond donor 
NHCH2 tBu NHCOtBu NHCOPh 
1 -0.74V 	-0.73V 	-0.70V 	-0.66V 
Number of 
ctions 	2 -0.67V -0.67V 	-0.52V 	Not determined 
3 -0.60V -0.52V 	-0.26V 	Not determined 
Overall, the electrochemical studies for the TPA-based ligands show two 
general characteristics. One, the nature of the hydrogen bonding group affects the 
extent to which the reduced form of the metal complex is stabilized in the order: L An-
I < LN1 << L' " <TPA-NHCOPh. Two, the impact of the hydrogen bonding 
increases with the number of hydrogen bond donors. 
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It is interesting to note that the introduction of only one hydrogen bonding 
group increases the half wave potential by at least 30 mV (one amino group) and up 
to 110 mV (one benzoylamino group), and that the highest redox potential measured 
is a remarkable 510 mV higher than that of the TPA complex (for three 
pivaloylamido functionalities). 
So far we have only considered electronic and steric effects. However, the 
strength of the NHO. Cl-Cu hydrogen bond may affect the redox potential of the 
copper centre. This is analysed in the next section. 
3.5.3. Contribution of hydrogen bonding to the redox 
behaviour. 
An enhancement of the hydrogen bond acceptance ability of the axial 
chloride when the Cu(II) centre is reduced (i.e. electron richer) would make the 
hydrogen bond stronger in the Cu(I) redox state, and therefore could affect the 
Cu(II)/Cu(I) redox couple. Second, the nature of the tripodal ligand can enhance the 
hydrogen bonds strength. Attachment of an electron-withdrawing group increases the 
hydrogen bond donor capacity of the pendant N-H group. This could lead to more 
stabilisation of the reduced form of the copper centre for instance from the 
pivaloylamido group than from the amino group. Stronger hydrogen bonding could 
be a thermodynamical driving force for the stabilisation of the reduced complex. 
In chapter 2, IR studies showed that hydrogen bonds are stronger in the Cu(I) 
than in the Cu(II) complexes, and that hydrogen bonds are individually stronger the 
fewer interactions. These studies together with X-ray crystallography and ab-initio 
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calculations revealed that the electron density on the axial-bound chloride is the main 
factor determining.the strength of hydrogen bonds. To elucidate the extent to which 
changes in hydrogen bond strength between the oxidised and reduced states 
contributes to changes in the redox behaviour of the metal centre we need to 
calculate first the change in AG caused by incorporating one, two and three 
pivaloylamido groups. This can be done using Equation 3.3. 
LG = nF(E1,2ILpivxcucI)J+ E1ItpaCuCI)l+) 	(Eq. 3.3) 
The energies are 6.7, 24.1 and 49.2 kJ.moF' for one, two and three 
pivaloylamido groups, respectively. From the JR data presented in Chapter 2, we can 
determine that the changes in the strength of N—H Cl—Cu hydrogen bonding 
between the Cu(I) and Cu(II) complexes with one, two and three pivaloylamido 
groups are 1.9, 5.4 and 6.9 kJ.moF'. The results of this analysis are summarised in 
Table 3.5. Changes in hydrogen bonding strength contribute around 28% (one 
NHCOtBu), 22% (two NHCOtBu) and 14% (three NHCOtBu) to the observed 
changes in the Cu(II)/Cu(I) redox couple. From this data it seems that hydrogen 
bonding to a metal-bound ligand stabilises the more reduced form of that ligand (i.e. 
bound to Cu(I)). 
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Table 3.5 Contribution of H-bonds to the stabilisation of the [(L')CuCl] 
complexes. 
Compound 	 X=l 	x2 	x=3 
H-bond energy (kJ.mo1 1 ) in the 
LCu'Cl complex 18.5 18.2 17.2 
H-bond energy (kJ.moi') in the 
LCu"Cl complex 16.6 15.5 14.9 
Changes in H-bond strength 
(kJ.mol-1) 1.9 5.4 6.9 
Overall contribution of each H- 
bond 28% 22% 14% 
Also, the overall H-bond strength and induced stabilization of the Cu(I) form 
increases with an increased number of interactions, but the magnitude of the effect of 
each H-bond is greater the fewer the interactions. Presumably, this is because the 
hydrogen bonds get individually weaker as the number of hydrogen bond donors 
sharing the same acceptor increases. Thus, dioxygen reduction at hydrogen bonding 
cavities may be most effectively pursued with fewer hydrogen bond donors and a 
more electron donating ligand environment. A more electron donating ligand can be 
obtained by replacing one of the pyridine units with a carboxylate group. 
3.5.4. Redox behaviour of complexes of ligands with one 
carboxylate group (BPG, APPG and BPPG). 
Replacement of one pyridine arm by a carboxylate affords complexes with a 
Cu(II)/Cu(I) redox couple more negative than [(TPA)CuCl] (Figure 3.27, Table 
3.6). 
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Figure 3.27. Cyclic voltammograms (against AgC1/Ag, scan rate 0.1. Vs') in 
acetonitrile solution containing 0.1 M TBABF4 of[(BPG)Cu"ClJ (green), 
[(APPG)Cu"Cl] (blue), [(BAPG)Cu"Cl] (purple) and [(TPA)Cu"Cl] (brown). 
The fact that the cyclic volta.mmograms exhibit such wide waves renders the 
half wave potential difficult to measure. This may be due to structural changes of the 
complex. In that case, we can assume that either the pyridine rings are not as strongly 
coordinating as before and can de-coordinate from the metal centre, or imagine an 
equilibrium between a complex where one of the oxygen coordinates, and a complex 
where it does not. 
Table 3.6. Redox potentials for [(L)Cu"Cl]/[(TPA)Cu'Cl] (L = TPA, BPG, APPG, 
BAPG) vs Fc/Fc. 
Nature of 
the ligand TPA 	 no amino group 1 amino group 2 amino groups 
Half wave 
potential 	-0.27V 	-0.46V 	-0.45V 	 -0.26V 
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The presence of two amino groups causes a change of ca. 200 mV to more 
positive potentials. However, even in this case the reduction of Cu(II) to Cu(I) is 
more favourable than in [(TPA)Cu"C1]. The X-ray crystal structure of the 
[(BAPG)CuCl] complex was determined (Figure 3.28). 
Figure 3.28. X-ray crystal structure of the [(BAPG)CuC1] complex showing the 
Cu(JI) coordination environment. C-bound H atoms and solvent molecules are 
omitted for clarity. 
The main crystallographic data and refinement details are given in Table 3.7. 
Although it is of poor quality for publication purposes, it shows that the metal 
complex is mononuclear and has an intermediate structure between trigonal 
bipyramidal and square pyramidal (t = 0.33). The axial positions are occupied by the 
central amine N atom of the tripodal ligand and the chioride and the equatorial atoms 
are the two pyridine N atoms and an 0 atom from the carboxylate group. It shows 
also that the two amino groups are involved in internal hydrogen bonding with the 
axial chloride (N ... Cl = 3.09 A and 3.21 A). A noticeable feature is that these 
hydrogen bonds are not equivalent. 
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Table 3.7 Crystallographic data and structure refmement details for 
[(BAPG)CuC1] 
Empirical Formula C14H 1 6C1CuN502 
Mr 385.31 
T/K 150(2) 
Crystal system Monoclinic 









D/gcm 3 1.639 
p/mm' 1.586 
Reflexions measured, unique 3560,3402 
0.059 
Rl(F)a (all data) 0.1296 
WR2(F2)a (all data) 0.1448 
S(FQ)a (all data) 1.0373 
T_ 	iOL--- ----- ---1.1.1 	I LafgeSL Ufflefeflee peaK, noieie J AA 	'1 -z. I 
= E(1F01 - Fl)/ (IFoI; wR2(F) = [w(F02 - F2)2/ZwF04] 1T2 ; S(F) 
[w(F02 - F 2)21(n — p)]"2. 
3.6. Conclusion 
The series of [LCu(II)Cl)f complexes of TPA derivatives bearing hydrogen 
bonding groups in the pyridine 6-position has been made, and their redox behaviour 
have been investigated. In this study, we show that the Cu(I) system is favored 
compared to the Cu(II) whichever the nature of the functionality introduced. We also 
show that this effect can be counter-balanced by the replacement of a pyridine ring 
by a carboxylate. 
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Importantly, we showed that the changes of redox potential observed for the 
Cu(II)/Cu(I) centre cannot be explained only in terms of structural and electronic 
effects, and more precisely that hydrogen bonds play a role in determining which 
oxidation state of the metal will be favored. Moreover, we have quantified the extent 
to which hydrogen bonds contribute to the stabilization of the Cu(1) systems, and 
confirmed our electrochemical data by both infra-red and NMR spectroscopy. 
These findings are important for the design of redox-active metalloprotein 
models, since hydrogen bonds are closely related not only to structure, but also to 
function. 
3.7. Experimental section 
3.7.1. General 
Reagents were obtained from commercial sources and used as received unless 
otherwise noted. Solvents were dried and purified under N2 by using standard 
methods34  and were distilled immediately before use. All compounds were prepared 
under N2 unless otherwise mentioned. The NIMR spectra were obtained using a 
Brucker DPX 360 at 20°C. 'H chemical shifts are referenced according to the 
residual proton solvent peak. Mass spectra were performed on a micromass Platform 
II system operating in Flow Injection Analysis mode with the electrospray method. 
Infra-red spectra were recorded with a JASCO FTIR-410 spectrometer between 4000 
and 250 cm 1  in acetonitrile using KBr cells. Electrochemical measurements were 
performed with an AUTOLAB PGSTAT-20 potentiostat. The cyclic voltammograms 
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were obtained by using a three-electrode configuration consisting of a 0.5 mm 
diameter Pt disk working electrode, a Pt rod counter electrode, and an AgIAgC1 
(saturated KC1) reference electrode against which the fenoceniumlferrocene couple 
was measured and used as internal reference. 35 All measurements were made under 
N2 atmosphere in dry acetonitrile with 0.1 M tetrabutylammonium tetrafluoroborate 
(TBABF4) as the supporting electrolyte at room temperature. The scan rate was set to 
0.1VIs. No attempt was made to correct for internal resistances. 
3.7.2. Ligand synthesis 
N-(6-Neopentylamino-2-pyridylmethyl)-N,N-bis-(2-pyridylmethyl)amine, LNPI 
A solution of N-(6-pivaloylamido-2-pyridylmethyl)-N,N-bis(2-pyridylmethyl)amine 
LPIVI (3.0 g, 7.8 mmol) in 60 cm 3 of dry THF was added for 15 min to a solution of 
LiA1H4 (3.0 g, 78 mmol) in 60 cm3 of THF at -78 °C. The resulting solution was 
stirred for I h and then allowed to warm up to room temperature. After 1 2 h, the 
excess LiA1H 4 was quenched with dropwise addition of 10% aqueous THF. The 
precipitated inorganic salts were removed by filtration. Extraction of the filtrate with 
DCM (3 x  100 cm3), followed by drying the combined organic fractions over 
anhydrous sodium sulphate, filtration, and removal of the solvent under reduced 
pressure, yielded a brown oil. The crude material was purified by column 
chromatography on neutral alumina by eluting with MeOH—DCM (2 : 98) to afford 
the ligand as a brown solid (1.76 g, 54%). 
Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 36 
135 
Chapter 3: Effect of internal H-bonding on redox properties of[LCuC1]' complexes (L = TPA derivative) 
'H NMR (CDC13, 250.1 MHz) oH (ppm) 8.50 (d, J' 6.2 Hz, 2H, py-H), 7.63 (m, 2H 
and 2H, py-R), 7.41 (t, J= 7.4 Hz, 1H, py'-H), 7.11 (m, 2H, py-H), 6.79 (d, J= 7.3 
Hz, 1H, py'-H), 6.29 (d, .1= 8.4 Hz, 1H, py'-H), 4.60 (t, J = 6.0 Hz, 1H, NHCH2), 
3.90 (s, 4H, NCH2py), 3.74 (s, 2H, NCH2py'), 3.02 (d, J = 6.0 Hz, 2H, 
N}ICH 2C(CH3)3), 1.00 (s, 9H, CH2(CH3)3). ESI-MS (+ion) Found 375.8, Calcd. 
375.5. 
N-N-Bis(6-Neopentylamino-2-pyridylmethYl)-N -(2-pyridy1methyl)amine, LNP2 
A solution of N(6piva1oy1amido-2-pyridy1methy1)-N,N-biS(2-PyridY1methYl)amine 
LPIVI (4.0 g, 8.2 mmol) in 60 cm3 of dry THF was added for 15 min to a solution of 
LiAIH4 (3.15 g, 78 mmol) in 60 cm3 of THF at -78 °C. The resulting solution was 
stirred for 1 h and then allowed to warm up to room temperature. After 12 h, the 
excess LiA1H4  was quenched with dropwise addition of 10% aqueous THF. The 
precipitated inorganic salts were removed by filtration. Extraction of the filtrate with 
DCM (3 x 100 cm), followed by drying the combined organic fractions over 
anhydrous sodium sulphate, filtration, and removal of the solvent under reduced 
pressure, yielded a brown oil. The crude material was purified by column 
chromatography on neutral alumina by eluting with MeOH—DCM (2:98) to afford 
the ligand as a brown solid (1.93 g, 51%). 
Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 36 
'H NMR (CD3 C1, 360.1 MHz) 0H  (ppm). 'H NMR (CD3CN, 360.1 MHz) ) 0,-, (ppm) 
8.47 (m, 1H), 7.74-7.69 (m, 2H), 7.35 (t, J= 8.1 Hz, 2H), 7.19-7.17 (m, 1H, py-H), 
6.76 (d, J = 7.1 Hz, 2H, py'-R), 6.34 (d, J= 8.2 Hz, 2H, py'-IJ), 5.01 (br, 2H, NH), 
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3.84 (s, 2H, NCH2-py), 3.61 (s, 4H, NCH2-py'), 3.17 (d, J = 6.3 Hz, 4H, CH2-
(Cl-I3)3), 0.93 (s, 18H, C-(CH3)3). ESI-MS (+ion) Found 460.7, Calcd. 460.3. 
Tris(6-Neopentylamino-2-pyridylmethyl)amine, LNP3 
A solution of tris(6-pivaloylamido-2-pyridylmethyl) LPIV3  (5 g, 8.5 mmol) in 60 cm3 
of dry THF was added for 15 min to a solution of LiA1H 4 (3.3 g, 85 mmol) in 60 cm 3 
of THF at -78 °C. The resulting solution was stirred for 1 h and then allowed to warm 
up to room temperature. After 12 h, the excess LiAIH 4 was quenched with dropwise 
addition of 10% aqueous THF. The precipitated inorganic salts were removed by 
filtration. Extraction of the filtrate with DCM (3 x  100 cm3), followed by drying the 
combined organic fractions over anhydrous sodium sulphate, filtration, and removal 
of the solvent under reduced pressure, yielded a brown oil. The crude material was 
purified by column chromatography on neutral alumina by eluting with MeOH-
DCM (2 : 98) to afford the ligand as a brown solid (2.92 g, 63%). 
Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 37 
'H NMR (CD 3 C1, 360.1 MHz) oH (ppm) 7.39 (dd, J = 7.8 Hz, 3H, py-H4), 6.96 (d, J 
= 7.8 Hz, 3H, py'-H3), 6.23 (d, J = 7.8 Hz, 3H, py'-H5), 4.52 (t, J = 6.2 Hz, 3H, NH), 
3.68 (s, 6H, NCH2-py'), 3.01 (d, J = 6.2 Hz, 6H, CH2-(CH3) 3), 0.97 (s, 27H, C-
(CH3) 3 ). Found 546.1, Calcd. 545.8. 
N,N-Bis(2-pyridylmethyl)-N-(6-amino-2-pyridylmethyl)amine, LAml 
LPIVI (6 g, 15.4 mmol) was dissolved in 2 M HC1 (aq) (150 cm 3) and the solution was 
refluxed for 24 h. The solution was then poured into 1 M NaOH (aq) . The product was 
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extracted with dichloromethane (3 x  100 cm3) and the organic fractions were dried 
over Na2SO4. The solvent was evaporated under vacuum and washed with diethyl 
ether to yield the product as a brown solid (1.61 g, 34.3 %). Comparison of the 'H 
NMR and mass spectra of the ligand with literature values confirmed its purity. 38 
'H NMR (CD 3CN, 360.1 MHz): 6H (ppm) 8.46 (m, 2H, py-H6), 7.68 (td, J = 7.92, 
1.8 Hz, 2H py-H4), 7.58 (d, J = 7.9 Hz, 2H, py-H3), 7.37 (dd, J= 8.2, 7.5 Hz, IH, 
py'-H4), 7.16 (m, 2H, py-H5), 6.82 (d, J = 7.5 Hz, 1H, py'-H3), 6.35 (d, J= 8.2 Hz, 
1H, py'-H5), 4.8 (br, 2H, py'-NH2) 3.8 (s, 4H, NCH2-py), 3.6 (s, 2H, NCH2-py'). 
ESI-MS (+ion) Found 306.1, Calcd. 306.0. 
Lm 2 
LPIV2 (2 g, 4.1 mmol) was dissolved in 2M HCI (aq) (100 cm 3) and the solution was 
refluxed for 48 h. The solution was then cooled to room temperature and poured into 
1M NaOH(aq). The product was extracted with dichloromethane (3 x 100 cm 3) and 
the organic fractions were dried over Na2SO4. The solvent was evaporated under 
vacuum and washed with diethyl ether to yield the product as a brown solid (0.92 g, 
70%). 
Comparison of the 'H NMR and mass spectra of the ligand with literature values 
confirmed its purity. 39 
'H NMR (DMSO-d6, 360.1 MHz) 5H  (ppm) 8.47 (m, 1H, py-H6), 7.78 (t, J = 7.5 Hz, 
1H py-H4), 7.59 (d, J = 7.6 Hz, 1H, py-H3), 7.34 (t, J = 7.6 Hz, 2H, py'-H4), 7.24 
(m, 2H, py-H5), 6.72 (d, J = 7.2 Hz, 1H, py'-H3), 6.28 (d, J = 8.3 Hz, 1H, py'-H5), 
5.86 (br, 4H, py'-NH2) 3.71 (s, 2H, NCH2-py), 3.48 (s, 4H, NCH2-py'). ESI-MS 
(+ion) Found 321.1, Calcd. 321.0. 
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N,N-Bis(2-pyridylmethyl)-N-(glycine)amine, BPG 4° 
To a solution of 2-chioroethyl acetate (122 mg, 1 mmol) in 60 mL of anhydrous 
dimethylformamide was added N,N-Bis(2-pyridilmethyl)amine (199 mg, 1 mmol) in 
the presence of excess sodium carbonate (1.59 g, 15 mmol). The mixture was stirred 
at room temperature for 24 hours, and then the solvent was removed under high 
vacuum to yield the pure compound (200 mg, 87%). 
NMR: 'H (CD 3 0D, 360.1MHz) 6H  (ppm): 8.86 (dd, J =5.76 , 0.72 Hz, 1H, py-H6), 
8.59 (td, J = 7.92, 1.44 Hz, 1H, py-H4), 8.15 (d, J = 8.28 Hz, 1H, py-H3), 8.04 (t, J = 
6.48 Hz, 1H, py-H5), 4.58 (s, 2H, CH2-py), 3.69 (s, 1H, CH2-COO). 13 C NMR 
(CD 3 0D, 90.5 MHz) 6c  (ppm): 173.2 (C=O), 154.2 (py-C2), 147.9 (py-C6), 142.3 
(py-C3), 127.9 and 127.0 ((py-05 and (py-C4), 56.3 (NCH 2-py), 54.9 (NCH 2-C=O). 
EST-MS (MH+) Found 257.2, Calcd. 257.3. 
N-(6-amino-2-pyridylmethyl)-N-(2-pyridylmethyl)-N-(glycine)amine, APPG 
To a solution of N-[6-(Bromomethyl)-2-pyridyl]pivalamide (280:2 mg, 10 mol) in 
dry acetonitrile (60 mL), was added N-[6-(Aminomethyl)-2-pyridyl]pivalamide (207 
mg, 1 mmol) under stirring.. A large excess of sodium carbonate (1.59 g, 15 mmol) 
was added, and the mixture was left under stirring with the temperature raised to 
80°C during 36 hours. After filtration, the solvents were removed and the yellow 
solid washed twice with 15 mL of distilled water before purification by column 
chromatography on neutral alumina by eluting with MeOH—DCM (3 : 97). The 
isolated product (166.9 mg, 57%) is then coupled to 2-chloroethyl acetate (68.2 mg, 
0.57 mmol). The product is then dropped into a 2 M solution of chlorhydric acid, and 
left under stirring for 24 hours at 80°C. The solvents were then removed under high 
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vacuum, and the final product dissolved in the minimum cold methanol. The 
remaining salts were then filtered off. The methanol was removed under vacuum, the 
pure compound was finally obtained as a brown sticky solid (125.3 mg, 46%). 
NMR: 'H (CD 3OD, 360.1MHz) oH (ppm): 8.83 (dd, J = 5.76, 0.72 Hz, 1H, py-H6), 
8.49 (td, J = 7.92, 1.44 Hz, 1H, py-H4), 8.03 (d, J = 7.92 Hz, 1H, py-H3), 7.93 (td, J 
= 6.8, 0.72 Hz, 1H, py-H5), 7.81 (t, J = 8.1 Hz, IH, py'-H4), 6.91 (dd, J = 8.64, 0.36 
Hz, 1H, py'-H3), 6.83 (dd, J = 7.2, 0.36 Hz, 1H, py'-H5), 4.46 (s, 2H, CH2-py), 4.19 
(s, 2H, CH2-py'), 3.62 (s, 1H, CH2-COO). 13C NMR (CD30D, 90.5 MHz) 0c  (ppm): 
173.8 (C=O), 156.6 (py-C2), 155.4 (py'-C2), 147.2 and 146.9 (py-C6 and py'-C6), 
145.4 (py'-C3) 143. (py-C3), 128.0 (py-05), 127.1 (py-C4), 114.0 (py'-05), 113.2 
(py'-C4), 57.0 and 56.6 (NCH2-py and NCH2-py'), 55.3 (NCH 2-00). 
ESI-MS (MH+) Found 273.2, Calcd. 272.1. 
N,NBis(6amino2pyridy1methy1)-N-(g1yCifle)amifle, BAPG 
To a solution of glycine ethyl ester hydrochloride (144 mg, 1 mmol) in 60 mL of 
anhydrous dimethylformamide was added N-[6-(bromomethyl)-2-pyridyl]Pivalamide 
(560.4 mg, 2 mmol). A large excess of sodium carbonate (1.59 g, 15. mmol) was 
added, and the mixture was left under stirring with the temperature raised to 80°C 
during 36 hours. The mixture was then filtered, and the solvents were removed. The 
resulting yellow solid washed twice with 15 mL of distilled water, and dropped into a 
2 M solution of hydrochloric acid to be deprotected. After removal of the solvents, 
the compound was dissolved in the minimum amount of cold methanol, and the 
remaining salt was filtered off. The pure compound (193.8 mg, 68%) was then dried 
under vacuum. 
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NMR: 'H (CD 30D, 360.1MHz) 6H (ppm): 7.62 (t, J 7.92 Hz, 1H, py'-H4), 6.73 (d, 
J = 6.64 Hz, 1H, py'-H3), 7.63 (d, J = 7.2 Hz, 1H, py'-H5), 4.02 (s, 2H, CH2-py'), 
3.54 (s, IH, CH2-COO). ' 3 C NMR (CD 3 0D, 90.5 MHz) 8c (ppm): 177.3 (C0), 
157.2 (py'-C6), 149.6 (py'-C2), 143.4 (py'-C3), 112.4 and 112.1 (py'-05 and py'
C4), 59.3 (NCH2-py'), 57.8 (NCH2-C -O). 
ESI-MS (MH+) Found 288.2, Calcd. 287.1. 
3.7.3. Metal complexes synthesis 
The [LCu(II)Cl] complexes used in the electrochemical studies were prepared in 
situ by mixing equimolar amounts of L and CuC12 in acetonitrile or methanol. The 
purity and identity was confirmed by mass spectrometr. 
Synthesis of [LmIcuc11CI 
To a stirred MeCN solution (10 mL) containing CuC1 2 (33.6 mg, 2.5. 10 mol) was 
added LAmI (76.2 mg, 2.5.10 mol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 403.2, Calcd. 403.1 
Synthesis of LLAm2CuCI1C1 
To a stirred MeCN solution (10 mL) containing CuC12 (33.6 mg, 2.5.10 mol) was 
added Lm2  (80 mg, 2.5. 10 mol). The solution was then stirred for I h. 
ESI-MS (MH+) Found 418.2, Calcd. 418.1 
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Synthesis of IL&m 3CuC11C1 
To a stirred MeCN solution (10 mL) containing CuC12 (33.6 mg, 2.5.10 -4 mol) was 
added LAm3  (83.7 mg, 2.5.10 mol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 432.6, Calcd. 433.1 
Synthesis of LL'CuCI1C1 
To a stirred MeCN solution (10 mL) containing CuC12 (16.8 mg, 1.25.1 0 mol) was 
added LNPI  (70 mg, 1 .25.10 mol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 473.3, Calcd. 473.1 
Synthesis of [L 2CuC1JCI 
To a stirred MeCN solution (10 mL) containing CuC12 (16.8 mg, 1.25.10 mol) was 
added LNP2  (81 mg, 1.25.10 mol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 558.5, Calcd. 558.2 
Synthesis of [L 3CuC1JC1 
To a stirred MeCN solution (10 mL) containing CuC12 (16.8 mg, 1.25.10 mol) was 
added LNP3  (92 mg, 1.25. 10 mol). The solution was then stirred for 1 h. 
ESI-MS (MH+) Found 643.6, Calcd. 643.3 
Synthesis of ICuCI(TPA(NHCOPh))ICI 
To a stirred MeCN solution (10 mL) containing CuC12 (16.8 mg, 1.25.10 mol) was 
added TPA(NIHCOPh) (63.6 mg, 1.25.1 0 mol). The solution was then stirred for 1 
h. 
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ESI-MS (MH+) Found 507.2, Calcd. 507.1 
Synthesis of 
To a stirred MeOH solution (10 mL) containing CuC12 (16.8 mg, 1.25.10 mol) was 
added JV (32.1 mg, 1.25.1 0 
mol). The solution was then stirred for 1 h, and the solvents removed under vacuum. 
ESI-MS (MH+) Found 386.1, Calcd. 385.0. 
Synthesis 	of 
(glycine)amineCuCll 
To a stirred MeOH solution (10 mL) containing CuC12 (16.8 mg, 1.25.10 mol) was 
added 	 (35.9 
mg, 1.25.1 0 mol). The solution was then stirred for I h, and the solvents removed 
under vacuum. 
FST-MS (MT-T+) Pniind 71 1 (1r,d 71 () ---- 
Synthesis of [N,NBis(2_pyridi1methyJ)_N_(gIyCifle)amifleCUCD1 
To a stirred MeOH solution (10 mL) containing CuC12 (16.8 mg, 1.25.10 mol) was 
added N,NBis(2pyridylmethyl)-N-(g1ycine)amine (32.1 mg, 1 .25.10 mol). The 
solution was then stirred for I h, and the solvents removed under vacuum. 
ESI-MS (MH+) Found 356.1, Calcd. 355.0. 
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4.1. Introduction 
Many metalloproteins are involved in important redox processes such as 
respiration, activation of dioxygen or photosynthesis." 2 A critical issue in these 
diverse chemistries is the ability of the protein to regulate the redox behaviour of the 
metal centre and dioxygen species. For these purposes, the active site of the 
metalloprotein is exquisitely defined in terms of structure, electronic environment 
and non-covalent interactions. How these proteins achieve the proper setting of the 
reduction potentials remains a fundamental question. Many groups have investigated 
how the redox properties of the metal centre are affected by various parameters in 
both enzymes and biomimetic models, 3 however, fewer studies have been focused on 
the redox behaviour of the metal-bound substrate itself. 4 Since the metals involved 
are typically redox active within the potential range for the ligand-based redox 
processes, the electrochemical results are complicated by intramolecular charge-
transfer processes. 
Catechols are examples of biologically important redox-active molecules, 
which can be used to learn about the factors affecting the redox properties of metal-
bound substrates. More detail about these substrates will be provided below. 
4.2. Catechols: introduction 
Catechol (1 ,2-dihydroxybenzene) is used in a variety of applications. It is used 
as a reagent for photography, rubber and plastic production and in the dye and 
pharmaceutical industry. 5 In humans and other mammals, catechols can arise from 
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the degradation of aromatic compounds such as benzene 6 or estrogens 7 or as 
endogenous compounds, 8 such as neurotransmitters and their precursors (adrenaline, 
noradrenaline, dopamine and L-DOPA (L-3,4-dihydroxyphenylanaline) by 
microorganisms. The biological degradation mechanism of 1 ,2-dichlorobenzene is 
represented in Scheme 4.1. 
Cl 
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uvie '+. . iegraaation mechanism of i  	 ], 2-dichlorobenzene. 
Additionally, catechols can be taken up in the form of tobacco smoke (as 
catechol, catechol semiquinones and polymerized catechols) 9 or as food components 
(e.g. catechol, dopamine, caffeic acid, tea catechin). 10 
Catechols form stable complexes with di- and tri-valent metal ions like 
copper, zinc, iron, etc.' 4 As a result, catechols can sequester metal ions from other 
complexes and prevent them from undergoing specific redox reactions.' 5 For 
example, catechol complexation to iron leading to dicoordinated iron (III) complexes 
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prevents the metal from being involved in electron transfer reactions, whereas the 
corresponding mono-coordinated complexes undergo those redox reactions.' 5 
Several enzymes in plants, animals and bacteria such as the copper-containing 
fungal laccase and ascorbate oxidase,' 6 peroxidases' 7 and tyrosinase' 8 ' 19 use metals to 
catalyse the oxidation of catechol to benzoquinone. 
In terms of redox chemistry, 1 ,2-dioxolenes are redox active (or redox non-
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Scheme 4.2. Redox transformations of catechols. 
When catechol is oxidized enzymatically or in the presence of oxygen and 
heavy metals, one electron is transferred to molecular oxygen to form superoxide 
(02). In the presence of heavy metals (e.g. copper,. iron), superoxide is further 
reduced to hydrogen peroxide (H 202) and hydroxyl radicals (OH). All this redox 
activity can add to the redox processes of the central metal ion itself in the 
corresponding metal complexes, thus making it complicated to identify the charge 
distribution that takes place, or whether the redox process is ligand- or metal-centred 
in nature. In this context, it is important to note that in general, two bond lengths, the 
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intradiol C 1 -C2 and the C-O, are particularly diagnostic of the oxidation state of the 
quinoidal ligands of metal complexes, as shown in Table 4.1. 
Table 4.1. Important structural parameters for the determination of the redox state 
of quinoidal ligands. 
C—O distance 	Intradiol C 1 —C2 distance 
Quinone form 
	
C—O z 1.23 A C 1 —C 1.53 A 
Semiquinone form C—O z 1.29 A 
	
Ci—C2 1.44 A 
Catecholate form 
	
C—O z 1.35 A C1—C2 1.39 A 
These diagnostic distances have been obtained based upon the 
crystallographic data of the pertinent metal-free species (e.g. 1 ,2-dihydroxybenzene, 
1 ,2-benzoquinone, 3, 5-di-tertbutyl- 1 ,2-benzoquinone, and tetrachioro- 1,2-
benzoquinone). The study of only the C-O distances, however, may not be sufficient 
to ascertain the redox state of the dioxolene unit. These values can be affected by the 
way the catechol binds to the metal (chelation, asymmetric binding, bridging) and 
Jahn-Teller distortions. A more precise analysis arises from a statistical approach, 
which takes into consideration both the C—O distances and all six intra-ring C-C 
distances. Therefore, this method takes into account the alternation of short and long 
bonds in the quinone form, while in the catechol form, the aromaticity of the ring 
makes all C-C bonds cofriparable. 20 '2 ' Finally, a diagnostic structural function based 
on a mathematical model could also be used to determine the form of the dioxolene 
species. 22 
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4.3. Redox properties of catechols 
Several factors need to be taken into account when examining the influence 
of one particular feature (i.e. hydrogen bonding) on the redox properties of catechols 
in metal complexes, especially when trying to assess the extent to which this feature, 
among others, contributes to making the catechol easier (or more difficult) to 
oxidize. Hence, various issues need to be examined first: the nature of the catechol 
moiety, the presence or absence of protons, the nature of the metal centre (type of 
metal, oxidation state) and the nature of the ligand set (electron donating properties, 
steric requirements). 
4.3.1. Effect of substituents on the catechol moiety 
As early as 1986, Schultz and co-workers reported the redox properties of a 
series of Mo(VI)O(S2CNEt 2)2 :catecholate adducts, using 9 different catechols, 23 
shown in Figure 4.1. 
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Figure 4.1. Schematic representation of the various catechols used by Schultz. 23 
As can be seen from Figure 4.1, these catecholates have substituents which 
are either electron withdrawing (chlorides, bromides, nitro) or electron donating 
(methyl, tert-butyl, aromatics), and this is reflected in the redox potentials for the 
catechol-semiquinone (Cat/SQ) and semiquinone-quinone (SQ/Q) redox couples. 
The more electron donating the substituents are, the lower the redox potentials are, 
hence the easier it is to oxidize the catechol. For a wide range of catechols, the 
Cat/SQ and SQ/Q redox potential were found to increase by c.a. 1.7 V upon 
complexation to a Mo(VI) metal centre (see Table 4.2). Thus, it looks like the 
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substituents have the same effect on the free and the complexed catecholate. It is 
interesting that both oxidations seem to be affected to a similar extent. 
Table 4.2. Redox potentials vs Fc/Fcforfree catechols and MoOCat(S 2 CNEt2)2 





E112 of the 
free ligand 
E112 of the 
metal complex 
AE of the (complex-
ligand) C/SQ couple 
Cat / SQ -1.06 V 0.65 V 1.71 V 
C14Cat 
SQ/Q -0.31V 1.20V 1.51V 
Cat / SQ -1.06 V 0.64 V 1.70 V 
Br4Cat 
SQ/Q -0.31V 1.19V 1.50V 
Cat / SQ 0.67 V 
NO2Cat 
SQ/Q Not reported 1.20 V 
Cat / SQ -1.71 V -0.04 V 1.67 V 
PhenCat 
SQ/Q -1.11V 0.64V 1.74V 
1,2- Cat / SQ -1.64 V 0.04 V 1.68 V 
NaphCat SQ/Q -1.03 V 0.88 V 1.91 V 
2,3- 
NaphCat Cat /SQ Not reported 0.43 V 
Cat/SQ -1.32V 0.32V 1.64V 
Cat 
SQ/Q -0.71 V 0.99 V 1.70 V 
Cat / SQ 0.22 V 
MeCat 
SQ/Q Not reported 0.88 V 
Cat / SQ -1.68 V 0.15 V 1.83 V 
DTBCat 
SQ/Q -1.04 V 0.90 V 1.94 V 
A similar study involving the same MoO(VI) complexes of Cat, MeCat, 
NO2Cat and DTBCat dioxolene ligands, but with two ONR2 (R = Me, Et, Bz) ligands 
instead of two S 2NCEt2 to complete the coordination sphere around the metal centre 
gave similar trends. 24 
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43.2. Effect of coordination to a metal centre 
From the point of view of the metal, the first parameter likely to influence the 
redox behaviour of the bound redox active ligand is the nature of the metal centre 
itself, both as a result of its size and Lewis acidity. Thus, it is interesting to examine 
the extent to which the redox potential of metal-bound catechols changes down a 
group and along a period, while keeping the same ligand set and oxidation state. 
A strong Lewis acid should withdraw electron density away from the 
dioxolene ligand and render it more difficult to oxidize. However, considering that 
metal centres in general have different preferences in terms of coordination number 
andlor oxidation state, it is rather complicated to find extensive studies reporting the 
redox behaviour of metal-bound catecholates with a given ligand set. Nevertheless 
some studies provide interesting insights into the role of the metal in the redox 
potential of dioxolene ligands. 
Owing to the considerable number of ligand frameworks involved in the 
study of metal/catecholate systems, it is convenient to examine first the effect of the 
metal centre on the dioxolene in complexes which do not contain any other ligand. 
The case of bis and tris dioxolene transition metal complexes has been widely 
studied for many metals (see Table 4.3). However, the electron transfer possibilities 
between the metal centre and the various dioxolene moieties and solvents used make 
some electrochemical data difficult to interpret, even when this is available. Data 
exist for [Fe(CI4Cat) 3 ] 3 for which the three successive Cat/SQ oxidations were found 
at 0.37, 0.76 and 1.1 V (vs Ag/AgI) respectively. 25 The same type of data have been 
reported for [Fe(3,6-DTBCat) 3] at -0.88, -0.66 and -0.34 V (vs Ag/Ag). 26 
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Comparison with the Ru (resp. Os) analogues is made difficult because the dioxolene 
C-O bond lengths are in between the values expected for catecholates and 
semiquinonates. As a result the electrochemical processes have not been clearly 
assessed and leads to some doubt concerning the oxidation state of the metal. In any 
case, it was postulated that a reduction at -0.52 V versus Fc/Fc for the Ru analogue 
(447 V for Os) and two oxidations at 0.35 (0.52 V) and 0.960 V (1.11 V) are ligand 
centred. 27 '28  This suggest that the reduction potential for the dioxolene ligand is more 
positive going down the group. 
Bis dioxolene complexes of group 10 metals have also been investigated. 
Thus, [Pd(3 , 5 -DTBCat)2] 2-  and [Pt(3 ,5 -DTBCat)2] 2 exhibit the same electrochemical 
behaviour, which consists of two reversible redox process at -0.86 and -0.24 V 
followed by an irreversible oxidation at 0.56 V for the former, and at -0.80, -0.06 and 
0.69 V for the latter. In the same conditions, the nickel analogue only exhibits the 
first two processes, atlower potentials, -1.07 and -0.38 V. 29 '30 
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Table 4.3. Redox potentials metal dioxolene complexes vs Fc/ Fc in MeCN and 
CH2 Cl2 . 
Ligand based 	 AE Metal 	
oxidations (V) 
Solvent 	 Ref oxidation Complex 	First C/SQ C/SQ state 	
couple 	 couple 
[CuCat2 ] 2 -0.70 CH202 0.62 25 
[NiCat2 ] 2 -0.83 CH202 0.49 25 
2 	[Ni(3,6-DTBCat) 2 ] 2 -1.07 CH2 C12 29 
[Pd(3,5-DTBCat) 2 ] 2 -0.86 CH202 0.82 30 
[Pt(3,5-DTBCat) 2 ] 2 -0.80 CH2 C12 0.88 30 
[Mn(3,5-DTBCat)2] - -0.77 (Epa) MeCN 1.07 32 
[Fe(3,5-DTBCat)21 - -0.76 MeCN 1.08 33 
[Fe(3,5-DTBCat) 3 ] 
3 	(tetrameric) -1.35 MeCN 0.49 33 
[Fe(3,6-DTBCat) 3 ] -1.07 MeCN 26 
[Ru(3,5-DTBCat) 3 ] -0.52 CH2 C12 1.16 27,28 
[Os(3,5-DTBCat) 3 ] -0.47 CH2 C12 1.21 27, 28 
6 	
[Tc(3,5-DTBCat) 3 ] 0.45 CH2 C12 2.13 34 
[Re(3,5-DTBCat) 3 ] 0.73 CH2 C12 2.41 34 
tiE corresponds to the shfi of E 112 of the metal complex relatively to the free ligand.' 
irreversible, Epa. EI12(35DTBCat135DTBS = - 1.84 V in MeCN. 3 ' EI12(Cat/S = - 1.32 V, 
E112(3,5DTBCat13,5DTBSQJ = - 1.68 V in CH202 . 
Thus, it seems that the row to which the metal centre belongs to has 
significant effect on the redox potential of metal-bound ligands. Changing from 
Fe(III) to Os(111) and Ni(II) to Pt(II) induces a redox potential shift of up to 300 mV. 
A common trend indicates that the redox potentials of the dioxolene ligand increases 
down a group. The same trend has been observed for other groups, for instance the 
one electron oxidation of one dioxolene unit of [Re(3,5-DTBCat) 3] and [Tc(3,5-
DTBCat)3] have been reported, at 0.73 V and 0.45 V, respectively. 34 
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Bis dioxolene complexes of first row transition metals also give an interesting 
insight in the effect of the metal group on the redox potential of catechols. For 
instance, Röhrscheid and co-workers noticed a 130 mV shift in the redox potential 
between [Ni(II)Cat 2 ] 2 and [Cu(II)Cat 2 ]2 , the latter exhibiting the more negative 
redox potential. 35 This difference may be accounted for by the change of geometry 
around the metal centre, the Ni(II) complex being square planar, 36 and its Cu(II) 
analogue distorted towards tetrahedral with a dihedral angle between the catecholate 
planes being 22.48°. The same shift in redox potential is observed for the 
corresponding C1 4Cat complexes (120 mV). Other comparisons are more difficult to 
make, since studies were made in different solvents (CH 202 , MeCN), with metals at 
different oxidation states (e.g. Fe(III) and Ru(III), Pd(II), Tc(VI), V(IV)) and with 
varying catechols. Nevertheless, no trend is observed when changing the metal 
group. 
Thus, it seems that common to all these systems is that as the size of the metal 
increases, the more difficult it is to oxidize a bound dioxolene unit. This may be due 
to steric requirements andlor orbital overlap effects. Steric effects may be 
particularly important for the his and tris quinoidal complexes. Elongated M-O 
bonds caused by steric hindrance presumably minimize the effect of metal binding 
on the redox properties of the dioxolene. In terms of orbital overlap, this can be 
expected to be greater when going down a group. The same behaviour occurs in 
metal complexes with a catecholate and another ligand. 
Baich et al. showed that in [M(CLCat)((PPh) 3 )2] complexes (M = Pd, Pt), the 
redox potential between them for the C14CatICLSQ couple is shifted by 170 mV, the 
platinum complex being oxidized at higher potential. 38 Also, they showed that 
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[M(Cl4Cat)COC1((PP.h) 3 )2], M = Ir, Rh exhibit the same redox potential for the 
C14CatIC14SQ couple 
Similar studies by Hart! and Vicek investigated the differences between Re(I) 
and Mn(I) complexes of general formula [M(CO)L(4)(3,5-DTBSQ)] with L = PPh 3 , 
Pyridine and x = 2-4 (see Table 4.4)•3540  They showed that the redox potential of the 
dioxolene unit is lower in the case of Mn centres by 50 mV, 90 mV and 190 mV, 
respectively, for the first DTBC/DTBSQ redox couple. This shift increases to 200 
mV, 240 mV and 250 mV for the second redox couple. An explanation for this shift 
is that Re-CO bonds are in general stronger than Mn-CO ones; this in turns favours 
it-backbonding from the Re centre to the carbonyl ligands, and decreases the electron 
density on the metal. This would lead to higher dioxolene redox potentials. 
Table 4.4. Redox potentials metal dioxolene complexes vs Fc/Fc in CH 202 . 
Complex Ligand based oxidations (V) 
C/SQ couple 	SQ/Q couple 
AE (V) 
ce 	couple 
{Mn(CO) 4(3,5-DTBSQ)] Not reported 0.29 1.33 
[Mn(CO) 3 (PPh3)( 3,5-DTBSQ)] -0.92 0.04 0.76 1.08 
[Mn(CO) 3 (Py)( 3,5-DTBSQ)] .0 . 90* 0.11* 
074* 1.15* 
[Mn(CO) 2(PPh3)2(3 ,5-DTBSQ)] -1.23 -0.46 0.45 0.58 
[Re(CO)4(3,5-DTBSQ)J -0.51 0.43 1.17 1.47 
[Re(CO) 3(PPh3)( 3,5-DTBSQ)] -0.87 0.24 0.81 1.28 
[Re(CO) 3 (Py)( 3,5-DTBSQ)] -0.71 0.35 0.97 1.39 
[Re(CO)2(PPh3)2(3,5-DTBSQ)] -1.14 -0.21 0.54 0.83 
zlE corresponds to the shfi of E112 of the metal complex relatively to the free ligand: 
El12(3,5DTBCat1DTBSQJ = -1.68 V, EJ12,5DrBsQ/DTB 	-1.04 V. in pyridine. 
Dei reported that the change of half-wave potential of [M(CTH)(DTBCat)]7 
[M(CTH)(DTBSQ)] complexes, where M = Ni(II), Zn(II), Fe(II) and CTH is a 
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tetraazamacrocycle (see Figure 4.2), was never greater than 20 mV in CH 2 C12 (see 
Table 4•5)•41  Thus, changes along a period seem to be less significant in these 
complexes. 
Table 4.5. Redox potentials metal dioxolene complexes Vs Fc/Fc in 
CH2 Cl2. tiE corresponds to the shft of E112 of the metal complex 
relatively to the free ligand: EI12(3,5DTBCa113,5DTBS) = - 1.68 V. 
Redox process 	 E112 (V) AE (V) 
[Fe(CTH)(DTBCat)] / [Fe(CTH)(DTBSQ)J 	-1.13 	0.55 
[Ni(CTH)(DTBCat)] / [Ni(CTH)(DTBSQ)] -1.14 0.54 




Figure 4.2. Schematic representation of the CTH ligand. 
Finally, an interesting feature is that more drastic changes are observed when 
the degree of oxidation of the metal changes. If we consider that the effect of the 
metal group is negligible, the comparison of the Pt(II) and Pd(II) bis-quinolyl 
complexes with the Fe(III) and Mn(III) analogues indicates that an increase of 
oxidation number leads to a higher potential of Ca. 0.1 V. Similarly, the. redox 
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potential of the catechol in the Ru(III) and Os(III) tris-quinolyl complexes is ca 1 V 
less positive than in the Tc(VI) and Re(VI) analogues. 
4.3.3. Effects of changes in the ligand set 
Systematic changes in the nature of L in Table 4.6 allowed Hartl and Vlcek to 
investigate how the ligand set affects the redox potential of the catechol. They 
noticed that the redox potentials of the DTBC/DTBSQ and DTBSQIDTBQ couples 
varied when the metal was coordinated to ligands with it-accepting capabilities such 
as PPh 3 , pyridine and CO. Replacing a CO ligand by a PPh 3 leads to a dioxolene 
ligand that is easier to oxidize by c.a. 300 mV. This indicates that as the electron 
density of the metal centre increases due to less it-back donation to the CO ligand, 
the dioxolene becomes more electron rich. The strong interaction between a carbonyl 
and the dioxolene ligand has also been used to explain the dramatic change of half 
wave potential between [Ru(CO)(DTBSQ)(trpy)j (trpy - terpyridine) and 
[RuC1(DTBSQ)(trpy)]. It was observed that the first and second reversible redox 
processes at the dioxolene unit were increased by 540 mV and 700 mV, respectively, 
by replacing the Cl - anion by a CO (Table 4.6). 1  
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Table 4.6. Redox potentials metal dioxolene complexes vs Fc/Fc in CH202. 
Complex 	Ligand based oxidations (V) 	AE (V) 
C/SQ couple SQ/Q couple 	
C/SQ 	SQ/Q
couple couple 
[Ru(CO)(trpy)(3,6-DTBSQ)] -0.72 	0.33 	0.96 	1.37 
[RuC1(trpy)(3,5-DTBSQ)] 36 	-1.26 -0.37 0.42 0.67 
zlE corresponds to the sh/i of E112 of the metal complex relatively to the free 
ligand: EI12(3.5DTBSQI3,5DTBCat) = - 1.68 V EI12(3,5DTBQ13,5DTBsQJ = - 1.04 V. 
In this case, the increase can also be attributed to the change of electron 
density on the metal centre. Thus whereas the Cl is anionic, the CO is neutral and 
also drains electron density from the metal through 7t backbonding. 42 
Finally, changes of the chelating ligand L in [4MDTBCat)] systems, (n = 0 or 1), 
can lead to considerable changes in the redox properties of the dioxolene ligand: 
changing L = bpy to L = tap, 2-(m-tolylazo)pyridine makes the [L 2RuDTBSQ)]/ 
[L2RuDTBCat)] increase by as much as 710 mV, 43 '44 and the [L2RuDTBQ)]/ 
[L2RuDTBSQ)] by 730 mV. Meanwhile, these potentials are only decreased by c.a. 
140 mV when the two bpy ligands are replaced by the tetradentate ligand NH 2-L bis-
(2-pyridylmethyl)-2-aminoethylamine as shown in Figure 4.3 (Table 4•7)•45  This 
result is consistent with the stronger ic-accepting character of tap. 
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Table 4.7. Redox potentials of metal dioxolene complexes Vs Fc/Fc. 
Complex 	Solvent 	
Ligand based 
bE (V) oxidations (V) 
C/SQ 	SQ/Q 	C/SQ 	SQ/Q 
couple couple couple couple 
[Ru(tap) 2(3,5- 
DTBCat)] 	 CH3 CN 	-0.23 	0.53 	1.61 	1.73 
[Ru(bpy) 2(3,5- 
DTBSQ)] 	 CH3 CN 	-0.94 	-0.20 	0.90 	1.00 
[Ru(NH2-L)(3,5- 
DTBCat)] 	 CH2 C12 	-1.04 	 0.64 
zE corresponds to the shift of E112 of the metal complex relatively to the free ligand: 
E1/2(3,5DTBSQ/35DTBCat) 	1.84 V, EI,2(3,5DTBQ/35DTBs = - 1.20 V in CH3 CN; 3 ' EJ/2(35 .. 
DTBSQ13,5-DTBCat) = - 1.68 Vin CH202 . 





Figure 4.3. Schematic representation of TAP and NI-1 2-L ligands. 
4.3.4. Effect of protons 
The equilibrium potential for the second electron transfer between the 
semiquinone radical and the catechol dianion measured at pH 7, pH 11 and pH 13.5 
revealed that the presence (or absence) of protons around the quinonyl moiety can 
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account for as much as 500 mV shift of the half wave potential. 46 In aprotic media, 
the addition of diverse hydrogen-bond donors (water, 47 or ethanol, 2-propanol, tert-
butyl alcohol, trifluoroethanol 48) confirmed that the reduction of quinones occurs at 
higher potential in their presence. It was also noted that the second reduction is 
affected more (greater shift) than the first one, indicating that the increased negative 
charge on the oxygen atoms leads to a better quinone/hydrogen-bond donor 
interaction. Recently, Gupta et al. distinguished the role of protons in weak or strong 
hydrogen-bond donors systems. 48 In the case of weak acids, the positive shift of the 
equilibrium potential is due to the stabilization of the reduction products by hydrogen 
bonds. The same trend has been noticed for related molecules such as 4-benzoyl-N-
methylpyridinium 49  and anthraquinone. 5° With strong acids, the reduction of 
quinones requires hydrogen bonding to occur prior to the electrochemical processes, 
and then it involves disproportionation of the hydrogen bonded semiquinone, and 
protonation of the dianion formed. Also, this study showed that the more basic the 
quinolyl residue is, the greater the number of hydrogen bonds it forms. Importantly, 
it revealed that in the case most favourable for strong hydrogen bonds (i. e. basic 
quinone and strong hydrogen-bond donor), an increase of acid concentration 
progressively replaces the hydrogen bonded system by the protonated one. This can 
be seen by cyclic voltammetry, where reduction peaks are shifted by 280 and 660 
mV respectively, relatively to that of the quinone alone. 
The effect of multiple hydrogen bonding on the redox behaviour of redox 
active molecules has also been investigated exploiting hydrogen bonded host:guest 
systems. 
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The effect of hydrogen bonds on the redox potential of electroactive 
substrates increases with their number and strength. For example, when two 
hydrogen bonds are present, it has been shown that the reduction potential of 1,2 
quinones (G13) bound to diphenylurea (H) as a host is increased by more than 100 
mV, while anthraquinone (G4), which is capable of hydrogen bonding to only one N-
H proton exhibits a shift of only 49 mV (see Figure 44)•51 
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Figure 4.4. Schematic representation of various quinone guests and a urea-based 
host. 
Triply hydrogen bonded systems are by far the most extensively studied, in 
part because they can mimic the redox behaviour of flavoproteins. Flavin containing 
enzymes are a family of several hundred proteins which are involved in diverse 
metabolic processes, electron transfer, detoxification of xenobiotics, and the 
regulation of neurotransmitters. 52 The flavin moiety is another interesting 
electroactive molecule, which exhibits the same electrochemical pattern of two 
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which regulate the interplay between molecular recognition and redox processes is of 
crucial importance. 
Thus, the effects of hydrogen bonds on the redox potential of electroactive 
ligands such as flavins has been widely investigated in the area of host:guest 
chemistry. Rotello et al. used different flavins and/or receptors to probe the influence 
of noncovalent interactions on biological systems. For instance, Figure 4.5 represents 
a flavin F 1 capable of forming three hydrogen bonds with the receptor, while for 
flavin F2 , there is no such possibility. 
Figure 4.5. Schematic representation of a host:guest system with (left) and without 
(right) hydrogen bonds. 
Examination of the half wave potential of the first flavin one-electron 
reduction shows that the system bearing the hydrogen bonds (F 1 ) is 155 mV less 
negative (easier to reduce) than the free flavin. The redox potential of the system 
F2 :receptor, which does not exhibit hydrogen bonds, matches that of the free flavin. 53 
Also, it was shown that different types of hydrogen bonds modulate these 
redox properties.53 
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-"2 
Figure 4.6. Schematic representation of a host:guest system with two different 
hydrogen bonded receptors. 
In the system shown in Figure 4.6, the potential corresponding to the first 
flavin reduction is shifted positively by 44 mV relative to the free flavin when R 2 is 
present and by 145 mV when R 1 is present. This feature has been explained by 
means of calculations, which showed that the affinity of both receptors, although 
similar for the flavin in the oxidised state, differ when the flavin is reduced (the 
receptor R 1 shows higher affinity in this case). 54 Another possible reason is the 
higher acidic character of the amidopyridine N-H as compared to the aminopyridine 
N-H. This increase of acidity should induce stronger hydrogen bonds between the 
host and the guest, leading to greater interaction between them. It has also been noted 
that for similar substrates, the shift of redox potential increases with the number of 
hydrogen bonds, although not linearly, and that triple hydrogen bonding could induce 
a shift of as much as 207 mV. 55 The same type of findings, albeit to a lesser extent, 
have been noticed in related systems. 5659 Yano et al. also showed that increasing the 
number of hydrogen bonds in a flavin:melanine system increased the reduction 
potential of the former by 220 mV (5 hydrogen bonding groups) and 317 mV (7 
hydrogen groups), see Figure 476061 
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Figure 4.7. Penta and hepta hydrogen-bonded systems. 
Other types of systems exploit intramolecular hydrogen bonding to affect the 
redox potential of quinones. For instance, a ferrocene-quinone dyad bearing only one 
hydrogen bond (R = H) showed a Q/Q redox potential higher (by c.a. 240 mV) than 
its non hydrogen bonded counterpart (Figure 4.8, with Me replacing H). 62 In contrast, 
the redox potential of the ferrocene unit is only slightly affected by the presence of 
this hydrogen bond (50 mV lower). 
o2 rs 
H - O 
Fe 
Figure 4.8. Schematic representation of host.guest systems with intramolecular 
hydrogen-bond. 
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4.4. Redox properties of metal-bound substrates in LZn(ll)X 
complexes (L= TPA derivative, X = 3,5-di-tert-butylcaté6hol) 
To investigate the extent to which hydrogen-bonds alone affect the redox 
properties of metal-bound ligands, complexes where 3,5-di-tert-butylcatechol is 
bound to the Zn(II) complexes of the tripodal ligands described in Chapter 3 have 
been synthesised. Zn(II) was selected because it is not redox-active within the range 
of potentials used, and also because its Lewis acidity should allow strong binding of 
3,5-di-tert-butylcatechol. By examining the changes in half-wave potential 
corresponding to the oxidationlreduction of the electroactive ligand, we have 
determined the extent to which hydrogen-bonds modify the redox chemistry of 
redox-active substrates. 
4.4.1. Synthesis and characterization 
The Zn(II) complexes of the TPA derivatives [LZn(C10 4) 2] were synthesized 
by mixing equimolar amounts of Zn(C104)2 .6H20 and the appropriate ligand in 
acetonitrile (L = TPA, LAmI , LNPI3, L 3). After stirring at room temperature for 1 
h, the reaction was stopped. Owing to the low solubility of L' 3 in acetonitrile, 
[LZn(C104)2 ] (L = LMQ3) were prepared by mixing equimolar amounts of L and 
Zn(Cl04)2 .6H20 in methanol. 
The catecholate 3,5-di-tert-butylcatecholate was generated in acetonitrile by 
mixing equimolar amounts of 3,5-di-tert-butylcatechol and tetramethylammonium 
hydroxide. 63 The solvent was then removed under high vacuum to generate a highly 
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hygroscopic blue/green solid. Addition of the base was used to give the dioxolene 
ligand an anionic character, and thereby enhance its binding to the Zn centre. This 
lead to monoanionic 3,5-di-tert-butylcatecholate as the second deprotonation cannot 
be achieved due to the very low acidity of the second phenol hydrogen (see Scheme 
43)63 
4o 4:: on- 
Scheme 4.3. Deprotonation of the H2DTBC. 
The mono-deprotonated catecholate was then added as a solid to an 
acetonitrile solution of LZn(C10 4)2.6H20 (1 equivalent) immediately prior to 
electrochemical and spectroelectrochemical measurements. 
The formation of LZn:DTBC adducts was studied by UV-vis in acetonitrile 
solutions containing the supporting electrolyte used in the electrochemical studies 
(0.1 M tetrabutylammonium tetrafluoroborate). The spectrum of H 2DTBC treated 
with (Me4N)OH,61120 to give HDTBC changes in the presence of 1 equivalent of 
[(L)Zn(CH3CN)](C104)2, with no further changes observed in the presence of more 
LZn(II) indicating the formation of 1:1 adducts (Figure 4.9). This titration also 
indicates that the reaction is more complex than a simple coordination of one 
catechol moiety to the LZn(II) complex, since the absorbance peaks do not follow a 
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Figure 4.9. UV-visible titration of the NaHDTBC with [Lhlm4Zn(C104)2]. 
Catecholate alone (blue); with 0.2 equivalent LAmIZfl  (red); 0.4 equivalent LAmlZfl 
(green); 0.6 equivalent Lhlm4  Zn (pink); 0.8 equivalent LAm4  Zn (cyan); 1 equivalent 
LAmZ n  ('grey) and up to 2 equivalents. 
Definitive proof for the formation of 1:1 LZn:DTBC adducts was obtained by 
X-ray crystallography. Crystals suitable for X-ray diffraction studies were obtained 
by slow evaporation of MeCN solutions of the 1:1 mixture of [L"'Zn(C10 4)2] and 
NaRDTBC. The main crystallographic data and refmement details are given in Table 
4.8. 
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Table 4.8 Crystallographic data and structure refmement details for [L 
1 Zn(DTBC)] 
Empirical Formula C361­I45N602Zn 
Mr 675.43 
TIK 150(2) 
Crystal system Monoclinic 







viA 3 7159.92 
Z 8 
D/gcm 3 1.253 
p / nm 1 0.727 
Reflexions measured, unique 11683,11683 
R1 0.064 
Rl(F)a (all data) 0.1000 
WR2(FQ)a (all data) 0.0782 
S(F 	(all data) 1.0869 
Largest difference peak, hole/e - A 3 0.90, -0.74 
aR(F) = (IF0I - IFD/ (IFoI; wR2(F) [>.w(F02 - F 2)2/wF04]
1
; S(F) = 
[Ew(F02 - F 2)21(n —p)]'. 
The structure of [(L')Zn(DTBC)] shows two crystallographically 
independent molecules where the Zn(II) centre is in a distorted octahedral geometry 
and DTBC2 acts as a bidentate ligand. The average C-O distance of 1.33 A is 
characteristic of DTBC complexes, TM in accordance with the typical C 0 distances 
for catecholate complexes: Q, 1.23 A; SQ, 1.29 A; C, 1.34 A. 65 
Importantly, the structure shows the formation of intramolecular N-W 
hydrogen bonding (Figure 4.10) between the ligand aminopyridyl unit and the 
Zn(II)-bound DTBC (N ... 0 distances of 3.059 A for molecule 1 (not shown) and 
3.002 A for molecule 2). It is interesting to note that the 0 atom involved in 
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intramolecular hydrogen bonding is the 01 oxygen, which is more basic than 02. 
This is due to the closer proximity of the electron-donating tert-butyl group as 
compared with 02.  This in turns makes 01 more electron rich than 02,  thus a better 
hydrogen bond acceptor. 
Figure 4.10. X-ray crystal structure of one of the[(Llm)Zn(DTBC)J+  cations 
showing the Zn(II) coordination environment. C-bound H atoms and solvent 
molecules are omittedfor clarity. 
This structure can be compared with the related {(TPA)Fe(DTBC)}, 66 [(6-
Me3TPA)Mn(DTBCH)f, 67 and [(TPA)Mn(DTBSQ)]t 68 The more important 
distances are summarized in Table 4.9. 
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Table 4.9. Selected bond lengths and angles for various metal- TPA -dioxolene 
complexes. 
[AmI)Zfl 	[(TPA)Fe 	I(6-Me3TPA)Mn I(TPA)Mn 
(DTBC)I (DTBC)1 (DTBCH)I 	(DTBSQ)] 
Distances (A) 
Zn-0 1 1.966(4) 1.898(2) 2.020(3) 2.138(2) 
Zn-02 2.047(3) 1.917(3) 2.277(3) 2.121(2) 
0 1 -C 1 1.336(5) 1.349(4) 1.342(5) 1.278(3) 
02-C2 1.316(5) 1.347(4) 1.41 5(5)** 1.282(3) 
cl-c2 1.433(5) 1.418(5) 1.390(6) 1.428(4) 
Zn-NAX 2.257(5) 2.221(3) 2.284(4) 2.334(2) 
Average Zn-Np 2.217(5) 2.13 1(3) N/A 2.244(2) 
Zn-Nps 2.147(6) N/A 2.318(4) N/A 
Angles(°) 
0 1 -Zn-02 	 83.70(16) 
Average NAxZflNp y 	77.35(7) 
* indicates substituted pyridine rings, 
protonated. 
	
85.2(1) 	75.76(10) 	74.86(6) 
77.63(1) Not reported 72.13(7) 
** indicates that the oxygen atom is 
As can be seen from Table 4.9, [(Lml)Zn(DTBC)J  exhibits intermediate M-O 
distances within the catecholate complexes, with the shortest being the unsubstituted 
TPA complex. This could be explained in terms of steric hindrance. The shorter c-o 
distances in {(LAm5Zn(DTBc)]  however indicate that the interaction between the Zn 
atom and the dioxolene unit is weaker in this case. Interestingly, the difference 
between c-01 and c-02 distances (C-01 being the longer) is greatest in 
{(LAmI)Zn(DTBc)] .  This could be due to the N-H --- 0 1 hydrogen bond. The longer 
c-c distance is also to be noted, since it corresponds to a SQ intra-ring distance. In 
the same way as the other catechol complexes of TPA derivatives, the Npd ne Zfl 
Namine is lower than 90°, due to the 5-membered chelate rings. Also, the M-N 
distances are in general shorter for the pyridine than for the aliphatic nitrogens. It is 
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also clear from the table that the catechol moiety is bound asymmetrically; the M-0 1 
distance is shorter than the M-02 by 0.082 A. This value is higher than in the [(6-
Me3TPA)Mn(DTBCH)] and [(TPA)Fe(DTBC)] complexes, but smaller than in the 
[(TPA)Mn(DTBSQ)]t This rules out the fact that the symmetry of the ligand could 
determine the symmetry of the bound catechol. 
To the best of my knowledge, only two other examples of a catecholato 
complex bearing an internal hydrogen bond have been previously reported. 69 In these 
complexes the nitrogen and oxygen atoms involved in hydrogen bonding are distant 
by 2.638(7) (n = 4) and 2.675(6) A (n = 5), respectively. Thus, they appear to be 
much closer than in the [(LAmI)Zn(DTBC)1  complex. In theses terpyridine-based 
complexes, however, the N-H and dioxolene moieties are part of the same ligand 
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4.4.2. Electrochemical studies 
The cyclic voltammograms were carried out under nitrogen in acetonitrile in 
the presence of 0.1 M tetrabutylammonium tetrafluoroborate (TBABF4) as supporting 
electrolyte. The metal-ëomplexes were generated in-situ just prior to the 
electrochemical studies. The concentration of the metal complexes in solution was 
3.45 mM. 
The voltammograms of the LZn:DTBC adducts exhibit a first quasi-reversible 
redox wave between -0.29 V and 0.1 V corresponding to the first oxidation of the 
bound catecholate to semiquinonate (LZn:DTBC to LZnDTBSQ, see Figure 4.12). 
DTBC27DTBSQ 
Current 
-0.800 -0.550 -0.300 -0.050 0.200 0.450 
Potential (V vs AgIAgCI) 
	 Potential (V vs AgIAgCI) 
Figure 4.12. First electrochemical process for the L '2ZnDTBC (left) and 
LP)nZflDTBC (right) complexes in acetonitrile at room temperature containing 0.1 
M TBABF 4, scan rate 0.1 Vs'. n = 0 (black); n=1 (blue); n=2 (green); n=3 (brown). 
Another anodic wave, which is irreversible, is detected at higher potentials 
(0.64 V to 0.94 V, see Figure 4.13) and assigned to the oxidation of the LZn:DTBSQ 
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to LZnDTBQ. 7° The irreversible character of this phenomenon is attributed to the 
instability of the latter, as observed for similar dioxolene complexes. 
DTOC'TUSO 	 DThSOIDTUO 
Cu.rrnt 
.0 75 050 025 0 025 050 075 100 125 
Potertial (V vs Ag/AgC 
Figure 4.13. Both electrochemical processes for the L4m)nZflDTBC  complexes. n=0 
(black); n=1 (blue); n=2 (green); n=3 (brown) (againstAgCl/Ag, scan rate 0.1. V 
s') in acetonitrile solution containing 0.1 M TBABF 4. 
The 'H NMR spectrum of 1:1 mixtures of L"Zn and DTBQ in acetonitrile 
(see Figure 4.14), which perfectly fit the spectrum of the free DTBQ and LA1Zn, 
indicate the absence of binding. Thus, it can be proposed that upon the second 
oxidation of bound DTBSQ to bound DTBQ, the quinone comes off the complex, 
introducing irreversibility to the electrochemical process. 
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Figure 4.14. 'HNMR spectrum of a 1.1 mixture of (a) [TPAZnGH3GN] 2 and 
DTBQ, (b) expansion of the tert-butyl groups region, and (c) tert-butyl groups region 
of the free DTBQ. 
It is also important to note that mixtures containing equimolar amounts of 
H2DTBC and [(L' 3)Zn(CH3CN)] 2 afford a DTBSQ/DTBC redox couple close to 
that obtained using HDTBC This is consistent with amino hydrogen bond donors 
progressively increasing the acidity of the protonated catechol, as found previously 
in our group. 7 ' 
The measured redox values for the series of LZnDTBSQ/LZnDTBC and 
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Table 4.10. Measured potentials (in V)for the oxidation/reduction of the LZnDTBC 
complexes against Ag/A gCl. 
Tripodal ligand Reduction! (V) Oxidationl(V) 	E112 	Oxidation2 (V) L 
TPA -0.35 -0.24 -0.29 0.64 
L1mI -0.27 -0.13 -0.20 0.73 
L" 2 -0.17 -0.06 -0.11 0.78 
L"3 -0.19 0.14 -0.02 0.94 
LNPI -0.20 -0.01 -0.11 0.81 
LNP2 -0.17 -0.02 -0.10 0.90 
LNP3 -0.02 0.06 0.02 
Lp'vl  -0.17 -0.08 -0.12 0.66 
LPIV2 -0.06 0.06 0 0.66 
LPIV3 0.01 0.19 0.10 0.65 
As can be seen from Table 4.10, the introduction of hydrogen bonds promotes 
in all cases the reduction of the dioxolene unit. This is easily explained by the 
decrease of electron density on the hydrogen bonded oxygen atom, which as a result 
accepts more readily an electron. Amino groups (L" derivatives) induce an almost 
linear increase of the half wave potential corresponding to the DTBSQIDTBC 
couple, each function stabilizes the reduced species as much as 90 mV. The second 
oxidation potential also increases regularly to a first approximation. It is surprising to 
notice that with and ligands, the second oxidation does not seem to 
follow any trend. Concerning the complexes, only the first redox potential is 
changed, the second remains close to that of the TPA standard. Part of the 
explanation for such behaviour could arise from the fact that hydrogen bonds should 
be considerably weaker after the first oxidation has occurred, and therefore their 
influence on the second oxidation could be lessened. Since this behaviour takes place 
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only in the LPiV complexes, it suggests that it is due to the peculiarities of this 
particular ligand. 	- 
It is quite probable that in such complexes, the steric bulk around the metal 
centre plays a crucial role. Rendering the metal centre more hindered could lengthen 
the Zn distances, thus decreasing the electron density on the Zn centre and the 
catecholate, and raising the redox potential. Other structural changes affecting the 
redox behaviour of these complexes could implicate the decoordination of one of the 
pyridine rings. This should favor the reduction of the dioxolene ligand by decreasing 
the electron density on the metal. In the case of the LPIV  derivatives, coordination of 
one of the pendant pivaloylamido groups through the oxygen atom is a strong 
possibility as shown previously. 72  This should favor the oxidation of the dioxolene 
unit by increasing the electron density of the metal. 
Finally, it can be noted that the stabilization of the LZnDTBC compared to 
• the LZnDTBSQ form follows the same order as the one found for the stabilization of 
the reduced form of the LCuC1 complexes studied in chapter 3: L'"> LNP > LAm . 
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4.4.3. Binding strength of the catecholate to the metal 
The difference of binding of the catecholate to the Zn(II) centre between the 
TPA complex and those bearing hydrogen bonding groups can be evaluated by 
measuring the stabilization of the reduced catecholate compared to its oxidized form 
according to Equation 4.1. 
- - 	AG = - nF(ELZflDTBC - ETPIflDTBC) 	 Eq. (4.1) 
The values given in Table 4.10 allow us to calculate the stabilization of the 
LZIiDTBC with each type of ligand, which is reported in Table 4.11. 
Table 4.11. Stabilization energy and binding enhancement induced by the various 




Tripodal ligand 	E 112 (V) 	(kJ mol ) 	
enhancement 
(folds) 
TPA -0.29 0 0 
LAmI -0.20 8.7 33 
LAm2 -0.11 17.4 1.1 x 103 
LAm3 -0.02 26 3.6 x 104 
LNPI -0.11 17.4 1.1x103 
LNP2 -0.10 18.3 1.6x.103 
LNP3 0.02 29.9 1.8 x 105 
LP -0.12 16.4 751 
LPV2 0 28 8.4 x 104 
00  0.10, 37.6 3.9x 106 
These calculations also allow the determination of how much each hydrogen 
bonding groups enhances the binding of the dioxolene, through the use of Equation 
4.2: 
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Ka({ (L)Zn })IKa({ (TPA)Zn }) = exp- [(nF/RT)(E1,2({ (L)Zn }) - E1/2({ (TPA)Zn } )) 1 
(Eq. 4.2) 
Thus, the hydrogen bonding groups enhance binding of the DTBC to the 
Zn(II) complex by a minimum of 33 fold with L" to a remarkable 3.9 x 106  fold 
with LPIV3.  Previous studies have shown that hydrogen bonding groups can enhance 
the binding of redox-inactive external ligands, but the magnitude of the effects found 
in this work for the redox-active DTBC are far greater. 73 These findings confirm that 
hydrogen bonds within the active site of metalloproteins 74 and their metal complex 
models can enhance the binding of redox-active substrates. The most relevant 
example has been reported recently by Masuda, and consists of a hydroperoxo Zn(II) 
complex stabilized by two neopentylamino hydrogen bonding groups, identified by 
NMR spectroscopy and mass spectrometry. 75 
4.4.4. Spectroelectrochemical studies 
This section represents a preliminary study aimed at determining the rate of 
electron transfer from the changes in the UV-vis spectra at given redox potentials. 
The LZnDTBC complexes were used in the same conditions as for the 
electrochemical studies, in acetonitrile containing 0.1 M TBABF 4, and at a 
concentration of 3.45 x 10 mol.L'. They were transferred to a UV cell fitted with 
the same set of electrodes as used for recording the cyclic voltammograms: Pt 
working and counter-electrodes and Ag/AgC1 reference electrode. A UV beam was 
then passed through the cell and the UV/Vis spectra recorded over time. The 
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compounds were initially reduced at a negative potential (i.e. -0.7 V) until no change 
was observed in the UV spectrum, so as to make sure that the solution did not 
contain any oxidized species. Different potentials were then applied and the spectra 
compared to the initial spectrum at -0.7 V. The potentials were selected as follow: at 
the first oxidation potential, and at the potential 0 V. The reduction back to the 
reduced state was also investigated, in order to evaluate the reversibility of the 
process. 
A typical set of spectra obtained is shown in Figure 4.15. 
350 	450 	550 	650 	750 	 350 	450 	550 	650 	750 
Wavelength (nm) 	 Wavelength (nm) 
Figure 4.15. Evolution of the UV/Vis spectrum of TPAZnDTBC upon oxidation at - 
0.24 V (left) and reduction at -0.7 V (right). 
The only transitions that can be observed correspond to the transition from 
the LZnDTBC to the LZnDTBSQ complexes. The maximum change in absorbance 
was found to be at 380 nm. Sawyer noted that the appearance of a peak at 382 nm 
was consistent with the formation of the semiquinonate form of the dioxolene unit. 76 
The spectra were recorded every 2 mm. For all metal complexes, we found that the 
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first electron transfer is reversible, as shown by the reversibility of the evolution of 
their absorption spectra at their first redox potential. Further oxidation leads to 
irreversible processes and to decomposition of the complexes, as shown by brown 
deposits-at the bottom of the cell, and to results which are hardly reproducible. 
At potential 0 V, the rate of oxidation of the zinc-bound DTBC seems to be 
affected by the presence of hydrogen bonding groups. In all cases, the tpa complexes 
seems to be oxidised more easily, followed by the complexes bearing fewer 
hydrogen bonding groups. Also, the complexes for which the half wave potential is 
more positive than 0 V (for instance [L 3Zn(DTBC)], E112 = 0.02 V) do not exhibit 
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Figure 4.16. Evolution of the change of absorbance for the L"ZnDTBC at 378 nm 
at potential 0 V. 
At their respective oxidation potential, the TPAZnDTBC complex is oxidized 
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complexes exhibit little change, which can not be considered significant (Figure 
Figure 4.17. Selected region of the UV-Vis spectra of (a) TPAZnDTBC at -0.24 V, 
(b) L'ZnDTBC at -0.01 V, (c) L 2ZnDTBC at -0.02 V, and (d) L' 3ZnDTBC at 
0.06 V; colour code: blue, t = 0; red, t = 4 mm; green, t = 8 mm; pink, t = 12 mm; 
grey, t = 16 mm; brown, t = 20 mm. 
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With these experiments, we were hoping to find that the initial slope for the 
TPAZnDTBC complex would be greater than for the others, which would have been 
representative of this complex to get oxidised more quickly. Unfortunately, there 
seemed to be no correlation between the nature/number of hydrogen bonding groups 
and the ability of the LZnDTBC complexes to be oxidised, especially in the case of 
the L' 3  ligands (not shown). It should be noted, however, that these findings are 
preliminary results, and that they need further investigation. Hence, 
spectroelectrochemical studies of these complexes were complicated by a number of 
factors. Among those, the design of the electrochemical cell made it difficult to get 
reproducible results. These require the use of rigorously identical experimental 
conditions (alignment of the electrodes, position of the platinum gauze working 
electrode, etc) which were hardly obtained. However, the spectra seem to show that 
the TPA complex oxidises faster than the others; presumably due to the presence of 
hydrogen bonds. This corroborates perfectly our findings from the cyclic 
voltammetry studies. 
4.5. Conclusion 
In summary, this study has investigated the extent to which various hydrogen 
bonding groups influence the redox properties of electroactive ligands. It was found 
that their binding is dramatically enhanced by up to 3.9 x 106  fold for three 
pivaloylamido groups. Also, the presence of hydrogen bonds considerably facilitates 
their reduction. Thus, three pivaloylamido hydrogen bonding groups increase the 
redox potential by 430 mV. That corresponds to a shift greater than that found by 
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increasing the degree of oxidation of the metal, or changing a 1st  row transition metal 
by another from the 2 nd  or 3td  row in the same group. It is also around 50 % of the 
change caused by protonation. Thus, it looks like the presence of hydrogen bonding 
groups in the second coordination sphere of metal complexes could have even 
greater influence on the redox properties of exogenous ligands than the nature and 
oxidation state of the metal itself. 
The combination of both of these effects has to be considered when 
investigating the reactivity of redox metalloenzymes. 
Finally, preliminary studies suggest that the rate of oxidation is slowed down 
by the presence of hydrogen bonding groups. 
4.6. Experimental section 
Reagents were obtained from commercial sources and used as received unless 
otherwise noted. Solvents were dried and purified under N 2 by using standard 
methods 77  and were distilled immediately before use. All compounds were prepared 
under N2  unless otherwise mentioned. Electrochemical measurements were 
performed with an AUTOLAB PGSTAT-20 potentiostat. The cyclic voltammograms 
were obtained by using a three-electrode configuration consisting of a 0.5 mm 
diameter Pt disk working electrode, a Pt rod counter electrode, and an Ag/AgC1 
(saturated KC1) reference electrode against which the ferroceniumlfenocene couple 
was measured and used as internal reference. 78 All measurements were made under 
N2  atmosphere in dry acetonitrile with 0.1 M tetrabutylammonium tetrafluoroborate 
(TBABF4) as the supporting electrolyte at room temperature. The scan rate was set to 
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0.1V/s. UV/visible absorption spectra were obtained on a Perkin-Elmer A.9 
spectrometer. The NMR spectra were obtained using a Brucker DPX 360 at 20°C. 'H 
chemical shifts are referenced according to the residual proton solvent peak. Intensity 
data for of [(LAm)Z flDTBC were collected at 150 K using a Bruker-AXS SMART 
APEX area detector diffractometer with graphite-monochromated Mo-Ka radiation 
(A = 0.71073 A). The structures were solved by direct methods and refined to 
convergence against F2 data using the SHELXTL suite of programs. 79 Data were 
corrected for absorption applying empirical methods using the program SADABS, 80 
and the structures were checked for higher symmetry using the program PLATON. 8 ' 
All non-hydrogen atoms were refined anisotropically unless otherwise noted. 
Hydrogen atoms were placed in idealised positions and refined using a riding model 
with fixed isotropic displacement parameters. Ligands were prepared according to 
procedures described in Chapter 2 and Chapter 3. Metal complexes were prepared 
under N2 by mixing equimolar amounts of ligand and Zn(C104)2,6H20 in dry MeCN, 
immediately followed by one equivalent of mono-deprotonated catechol NaDTBCH. 
The solutions were used directly for electrochemical and spectroelectrochemical 
studies. Only (LAm5Zfl(DTBC) could be isolated by means of crystallisation from a 
MeCN solution. 
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196 
Future Work 
The redox properties of metals and metal-bound substrates are key 
parameters for the reactivity of many metalloproteins. 
In this work, we showed that hydrogen bonding groups adjacent to metal-
bound substrates affect dramatically the redox properties of the metal centre and of 
metal-bound electroactive ligands. The presence of hydrogen bonds in the vicinity of 
the metal centre favours not only the metal in a reduced oxidation state, but also the 
reduction of metal-bound substrates. 
A natural continuation of this work could be the electrochemical study of 
metal complexes containing both a redox active ligand and a redox active metal 
centre. Indeed, knowing which of these effects is predominant would be significant 
to better understand how reactions catalyzed by redox active enzymes occur. 
Also, it would be interesting to quantify the effect of hydrogen bonding on 
the rate of electron transfer of metal-bound redox-active ligands. Since the rate of 
electron trânsfêr is also important, knowing how and to which extent hydrogen 
bonding affects it could help designing more efficient synthetic complexes and 
models for redox-active metalloprotein-catalyzed reactions. 
Finally, an interesting extension of this work could be to investigate the 
reactivity of metal complexes of the TPA derivatives towards organic substrates, for 
example catechols or hydrocarbons. Hence, the presence of hydrogen bonding 
groups might enhance the activity of TPAFe(III) complexes, or favour different 
reaction mechanisms andlor oxygenated products. This would provide important 
additional insights into the functional significance of hydrogen bonding groups in 
197 
redox-active metalloproteins, and the functional elements required for the catalytic 
reactions that they perform. The suitability of such metal complexes to oxygenate 
other types of substrates could also be assessed. For instance, these metal complexes 
could be tested as bleaching agents for the removal of stains, using hydrogen 
peroxide or ideally dioxygen as the oxidant. 
